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EDITOR'S NOTE

Translated from Atomnaya }fnergiya, Vol, 14, No. 1,
January, 1963

The present issue of Atomnaya Energiya is devoted to Igor' Vasil'evich Kurchatov — a great Soviet physicist,
head of atomic science and technology in the Soviet Union — in honor of the 60th anniversary of his birthday.

Some of the articles presented here are outside the usual range of topics reported in this journal, The authors
of these articles, mostly colleagues or students of Igor' Vasil'evich, are engaged on the most widely differing scien-
tific problems and in these papers they have tried to present material which is as interesting as possible, to form a
worthy tribute to I V. Kurchatov. The articles dealing directly with the activity of I V. Kurchatov do not pretend
to give a complete presentation of his very varied activity, but'only present some of its aspects,
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IG‘OR' VASIL'EVICH KURCHATOV

I. K. Kikoin

Translated from Atomnaya énergiya, Vol. 14, No. 1,
pp. 5-9, January, 1963
Original article submitted November 19, 1962

In the biography of an outstanding scientist our interests are broader than a mere recital of his concrete scientif-
ic achievements and discoveries, No less instructive are the views of important scientists on social problems, organi-
zational problems in science, problems of the relationship between science and technology. The retationships be-
tween important scientists and those about them are also of considerable interest. '

The name of Igor’ Vasil'evich Kurchatov is so popular in our country (and abroad) that his main scientific
achievements are quite widely known, and it is hardly necessary to repeat them, The reader might like to have a
certain understanding of the character, ideas, and views of this outstanding Soviet physicist, state and social worker,
scientific head of atomic science and engineering in the Soviet Union.

The author first metIgor' Vasil'evich, then a young physicist, in 1927 during a lively scientific argument at a
seminar in the Leningrad Physicotechnical Institute with Abram Fedorovich Ioffe, I V. Kurchatov was the speaker
and they were discussing one of the papers on the theory of current rectification by crystals, Seme of those present
disagreed with the views of the speaker, which is usual in seminars, However, the manner in which the disagreements
were answered was unusual. Igor® Vasil'evich reached complete clarity in the argument and was not satisfied until
each of his opponents expressed his wholehearted agreement, If the agreement was not sufficiently clear, the speaker
again and again returned to his arguments, presenting new proof, until at last he achieved his aim. This aspect of the
character of Igor’ Vasil’evich, his impatience with any lack of agreement, with any outside tendency to smooth over
roughnesses, has appeared in his varied activity throughout his life, He demanded clarity in the statement of a
scientific problem, in the method of its solution, in the interpretation and formulation of the results, He was equally
impatient with vagueness in the solution of organizational problems,

When he had clearly grasped some new scientific problem and decided that it had to be solved, he devoted
more time and energy to its solution than would be possible for an ordinary person. This was the case, for example,
when he was engaged in his investigations of ferroelectricity. When it became clear to him that ferroelectrics were
the electrical analog of ferromagnets, he immediately embarked upon a series of very difficult and unusually con-
vincing experiments to prove this., He soon brought in specialists on the growing of Rochelle salt single crystals; he
organized the production of large single crystal specimens of very high quality, developed unusual new methods for
the investigation of dielectrics, piezoelectrics, thermal, and other properties of Rochelle salt. To develop a rigid
theory of ferroelectricity, Kurchatov often traveled from Leningrad to Kharkov to consult with L., D, Landau and other
theoreticians to avoid being limited by the discussion and advice of the theoreticians of the Leningrad school, When
he was sure that the phenomenon of ferroelectricity could have technical importance, he organized the combined
work of physicists and leading engineers, In particular, V. P. Vologdin and a large group of engineers were brought
into this work. Only when the basic scientific problems had been solved and the technical problems had been given
a sufficient and reliable industrial base did Igor' Vasil'evich permit himself to go on to other problems,

Purposefulness in the solution of problems was a feature of the whole of his scientific and organizational activity,
It enabled him to become a leader in scientific problems connected with the development of atomic science andtech-
nology in the Soviet Union,

L V. Kurchatov demonstrated a tremendous capacity for work, When he worked in the Leningrad Physicotech-
nical Institute he could be seen in the laboratory from early morning to late at night, A typical episode comes to
mind, A new imported high-voltage apparatus arrived in the Institute. For several evenings the Institute scientists
could see Igor’ Vasil'evich, with his sleeves rolled up, together with his co-workers, assembling the transformer and
its safety devices, kenotrons, insulators, and other components, In those days physicists did not help laboratory tech-
nicians, Naturally, the assembly of specimens and the measurements themselves were performed directly by scientists.
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Relaxation in the laboratory consisted of tidying it up, and the favorite occupation of Igor' Vasil'evich when he was
tired was painting the tables and parts of the equipment,

A few years later, when L V, Kurchatov was working on nuclear topics, the Institute workers were often wit-
nesses to the following amusing scene. A man with some tiny object in his hand would dash along the corridor of the
Institute at the speed of a 100-meter sprinter, This was L V. Kurchatov hurrying to deliver a target which had just
been irradiated by a neutron source to the laboratory for an investigation into the short-lived nucleus.

In spite of the fact that his experimental work kept him busy, he found time to write monographs and textbooks,
although this was usually done at night or during his vacations. At this time he published such serious works as Ferro-
electricity, The Neutron, etc,

His breadth of perception enabled him to switch to a new, hitherto unfamiliar topic with surprising speed and
almost immediately to become a leader in this new field, For example, during the Great Fatherland War he was
working on the problem of ship protection. Together with A, P, Aleksandrov he brilliantly solved this technical pro-
blem, although he had not hitherto dealt with problems of this kind.

Perhaps the clearest example is his changeover to nuclear physics at the start of the 1930's. At that time in
the Leningrad Physicotechnical Institute there was practically no "nuclear™ tradition, apart from the small laboratory
of D, V. Skobel'tsyn, dealing with the physics of cosmic rays. The only placeé where radioactivity was studied to any
extent, and where there was a small cyclotron, was the L. V. Mysovskii Laboratory in the Radium Institute, L V.
Kurchatov established a close connection with this Institute and he soon published a number of papers together with
L. V. Mysovskii, The appearance of Igor' Vasil'evich within the physics section of the Institute abruptly changed the
character of the work, A new group of scientists was brought in and interest was aroused in the new and rapidly de-
veloping branch of physics, The work of this laboratory, under the leadership of I. V. Kurchatov, was soon brought
up to the level of foreign laboratories with considerable experience in this field,

As a real scientist, I V. Kurchatov quite rightly assumed that a scientist should be constantly thinking abour
his work (except, perhaps, when he is asleep). In fact, his close friends felt that he did not stop thinking about scien-
tific work for a minute, In the last years of his life, when his doctors ordered him to stay in bed, he had bedside tele-
phones installed in order to keep in touch with the Institute laboratories and keep abreast of all fundamental work,
When friends visited his house and tried to draw the conversation away from day-to-day scientific and organizational
work, he invariably steered the discussion back to topics connected with work,

L V. Kurchatov had outstanding organizational talent. He was convinced that any important scientific problem
could be ‘successfully solved by the correct organization of work, Very few great scientists have been able to com-
bine scientific and organizational work with such brilliance. It is these qualities which have enabled him to organize
a huge army of scientists and engineers of the most widely differing specialties, and to direct their energies to the so-
lution of problems in atomic energy in the USSR, '

To organize this work, he brought in a few men who formed the nucleus of the Institute which he founded (now
the 1. V. Kurchatov Institute of Atomic Energy, Order of Lenin). The number of people occupied on the problem (and
then scientific institutions, planning and industrial organizations) increased according to an exponential law,

Throughout the development of atomic science and up to his death, Igor' Vasil'evich was a real scientific .
leader and took a lively interest in all aspects of the work, The most outstanding scientists of widely varying special-
ties came to his study; he discussed urgent scientific problems in detail with them; he was visited by the heads of the
planning organizations with whom he worked out technical tasks; important builders came to see him, future heads of
atomic installations, etc, It was usually three o'clock in the morning before the light in Igor’ Vasil'evich's study was
switched off, v

During the building of atomic installations where he was directly responsible, for many months he transferred
his working center to the construction site; he looked into all details of the building and assembly.

Although occupied with the solution of current problems requiring urgent investigational work, supervizing the
planning, design of equipment, and the commissioning of atomic installations, not for one minute did Igor’ Vasil'-
evich forget the future problems of science, He himself understood deeply and never failed to impress on others, not
only scientists but also teaders of the national economy and industry, that the successful and rapid development of
technology requires the widest development of science and the encouragement of even those investigations which do
not promise an immediate practical result, This is because, in the most difficult days, when Igor' Vasil'evich was
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overcoming daily cares connected with the operational solution of urgent scientific and technical problems, he found
time to help in the organization of investigations into cosmic rays, the building of accelerators, the development of
biology; briefly, in the organization of fields of science which were outside the sphere of his own scientific interests,
Igor' Vasil'evich organized a course of lectures on general problems in nuclear theory and he himself was invariably
present at these lectures.

During the period when nuclear engineering was being established, Kurchatov and his closest co-workers had to
set up the closest connections with a number of industrial plants, The serious problem arose of the correct relation-
ships between the scientists and workers in industry, Difficulties appeared here because, at first, the engineering and
technical workers of production and technical organizations were unfamiliar with the scientific principles of the prob-
lems which they had to solve; they were not familiar with scientific ideas, which they were required to translate into
engineering terms, However, the technical solution of the problems could not be delayed. It was therefore necessary
to combine the education of the main personnel with the simultaneous fulfiliment of all production tasks, It was
clear that.at first the main, even purely technical solutions would be suggested by the scientific leaders of the various
sections and, of course, primarily by Kurchatov himself. Under these conditions it was essential to exhibit considerable
tact in dealings between scientists and engineers. Matters were still further complicated by the fact that it was neces-
sary to change the already accepted and partially established technical solutions, and to insist on a new. method:being.
used. Igor' Vasil'evich was able to do this so tactfully and cleverly, and to instruct his co-workers to do the same,
that in most cases serious friction was avoided. Problems of authorship or so-called priority were especially delicate,,
There were cases when scientists came to Igor' Vasil'evich complaining that the industrial workers were claiming the
authorship of ideas which had been introduced by the scientists, Igor’ Vasil'evich very firmly (at least at first) refuted
this kind of pretention, He explained that the tremendous responsibility which rested on the scientists and the leading
part which was entrusted to them were incompatible with trivial priority disputes and, furthermore, that such disputes
interfered with real productive collaboration between the scientists and production workers, He was firmly convinced
that the initial development of the new technology should be controlled by scientists; he understood control in the
widest sense of the word, not only providing ideas but also giving the scientists sufficient rights. It was essential, he
added, that notice should be taken of-the 'opinion of scientists (and not merely listened to). When necessary, Kurchatov
turned to the party leaders and government for help. At the same time, he felt that it would be very dangerous for
science to have too much control over technology, and that at certain stages of its development the initiative and
management should gradually transfer to the technologists. In particular! when a number of fundamental scientific
problems in nuclear engineering were successfully solved and nuclear engineering became an industry, the scientists
were to act mainly as consultants and Kurchatov himself became actively engaged in the new and exciting problem
of the controlled thermonuclear reaction.

The whole activity of Igor' Vasil'evich and his co-workers in the scientific managment of nuclear engineering
brilliantly proved the correctness of these views, ’

We have already mentioned that the solution of nuclear engineering problems needed a large staff of workers,
In particular, the Institute of Atomic Energy headed by Kurchatov rapidly became filled with new people, During the
organization period he was very concerned as to how to form these people into a single working group enjoying good
relationships; they differed in qualifications, professions, and ages, Before him was the experience in the development
of the Leningrad Physicotechnical Institute by his teacher A. F, Ioffe, who had considerable personal charm and un-
questionable authority. Igor’ Vasil'evich himself modestly felt that he did not have sufficient scientific authority to
build up this large group of people into a unit, Looking back we can state that the personal qualities of Igor' Vasil'-
evich as an administrator played an important part in the formation of the Institute; it has become a first-class scien-
tific institute,

Despite the fact that he was head of a large group of scientists and that he insisted on the purposeful solution of
the problems with which the Institute was concerned, he did not resirict the personal initiative of the scientists to the
slightest degree, neither the more experienced scientists nor the young scientists, Unlike some managers, he was not
guilty of the fault of "omniscience," On the contrary, he was not afraid to show his ignorance of some particular
problem, and he was happy to learn where and when possible, This still further increased his authority with those
around him. Even though he was the director, he did not mind sitting in the auditorium to listen to a course of lec-
tures on radioelectronic methods in nuclear physics, which was given by one of the young scientists of his Institute,

He respected the interests of the people with whom he came into contact. He devoted much time and energy
in helping people, either to help them out of some misfortune, or to help them in their work, and even to arrange
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their living accommodations and family life; he concerned himself with encouragement and awards for success in
work. He was particularly concerned about all cases which might affect the health of his staff, Igor’ Vasil'evich
was careful with his promises, But all those who dealt with him knew that he was a man of his word. He did much
that he did not have to do. Everyone was familiar with his famous notebook which he always carried with him and -
in which he wrote his "obligations.”

Igor' Vasil'evich loved life in all its aspects. He not only reacted in a lively manner to all important events,
but at times he also interested himself in the small but characteristic details of these events, He was able to listen
to his colleagues; he himself was a man of few words, When he was able to tear himself away for a rest, he tried, in
his own words, to "gather as many impressions as possible," - He took great pleasure in telling of his trip in Central
Asia, which made a-tremendous impression on him, He loved humorous folk tales and expressions and originated
some himself, Many were familiar with his phrase "go and work on yourself” (which meant "go to sleep”). When he
wanted to finish a conversation politely, he would say: "right, have a rest," He loved giving his friends funny, good-
natured nicknames, and he did not mind if the joke sometimes went against himself,

He loved and understood serious music and tried to attend at-least a few good concerts. In the last concert he
heard (a few days before his death), the Mozart Requiem was played.
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I. V. KURCHATOV AND NUCLEAR REACTORS

V. V. Goncharov

Translated from Atomnaya Energiya, Vol, 14, No, 1,
- pp: 10-17, January, 1963
Original article submitted October 18, 1962

Working with Igor' Vasil'evich Kurchatov from the very start of the organization of the atomic energy institute
which bears his name today, I have had some connection with the course of problems in the use of atomic energy,
and I want to tell of Igor’ Vasil'evich's part in the solution of many of the most important problems,

First of all, it must be noted that I. V. Kurchatov's leadership was characterized by direct participation in ex-
periments and by daily discussions of results and of plans for future work,

One of the achievements of fundamental importance for the future development of reactor construction wasthe
establishment, under the guidance of I. V. Kurchatov, of the first nuclear reactor in our country in which a chain re-
action wasrealized, This was preceded by intensive experimental and theoretical work on the fission process, and on
the measurement of neutron-nucleus constants, and by other studies which were carried out on a broad front with the
active participation of 1. V., Kurchatov.

" In the first reactor, natural uranium was used as fuel (at that time, enriched uranium was not available), and
the moderator was graphite,

Extremely rigid requirements were set for the purity of the uranium and graphite, Suffice it to say, for example,
that the admixture of boron in graphite was limited to a few parts per million, The problem was complicated because
uranium and graphite of such purity had never been produced, and because they were required in large quantities — up
to fifty tons of metallic uranium and hundreds of tons of graphite,

Because of the energetic measures taken by I V. Kurchatov, a capability for the production of high-purity graph-
ite was developed within a comparatively short time, and its commercial production in the required amounts was ai-
ranged, Production of uranjum of the required purity was also successfully achieved,

L V. Kurchatov himself went out into the factories and laboratories, posed questions, was of on-the-spot help
in overcoming difficulties, and kept in constant touch with the progress of the work.

Under the direct supervision of I, V. Kurchatov, the successful startup of the first nuclear reactor with natural
uranium and graphite moderator was accomplished,

In a foreword to the brochure Nuclear Radiations in Science and Technology, he write; "I remember the emo-
| tion with which I and a group of my associates, for the first time on the European continent, achieved a chain fission
reaction in the Soviet Union with a uranium-graphite reactor,” *

The exceptionally valuable experience obtained from the first reactor and from the nuclear physics studies per-
formed with it, made it possible to pass on to the planning and building of other reactors,

L V. Kurchatov initiated the creation of an all-around experimental basis within the Institute of Atomic Energy
for carrying out tests of experimental fuel elements, construction materials, and coolants without which further develop-
ment of new power, transport, and research reactors would have been impossible. Such a basis was created, consisting
of the RFT research reactor, experimental loops with various forms of coolants and varying test modes, and a "fuel”
materials technology laboratory, The reactor was put in use in April, 1952; its thermal power was 10,000 kW, and the
maximum thermal neutron flux was 5+ 103 neut/ cm?- sec, Graphite and in part water, served as reactor moderator;-
10% enriched uranium was used for fuel,

*L V. Kurchatov, Nuclear Radiations in Science and Technology [in Russian] (Moscow, 1958), p. 5.
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One of the difficult problems which arose during the building of the RFT reactor was the creation of fuel ele-
ments of complicated construction which had to operate under high specific energy deposition and thermal loading,
As investigation showed, the problem was complicated by the fact that uranium pieces underwent violent changes in
shape and size under irradiation, This eliminated the possibility of manufacturing fuel elements from enriched me-
tallic uranium operating with high U?® burnup,

The complex problem of creating nonswelling and nondeformable fuel elements with maximum lifetimeunder
conditions of stress for RFT and other reactors was successfully solved by the basically new idea of dispersing fission-
able material in a diluent,

It is of interest to note that experts in the USA followed the same path in creating dispersed fuel elements for
reactors operating with enriched uranium at high specific loading, in particular, for the MTR reactor which went in-
to operation in 1952, as reported by American scientists at the 1955 Geneva conference,

Dispersed fuel elements were successfully used in RFT and other types of reactors in the Soviet Union,

L V. Kurchatov devoted a great deal of attention to the investigation of the behavior of fuel elements in re-
actors and to the development of new types of elements,

A rebuilding of the RFT reactor, which was done for the purpose of significantly broadening its experimental
possibilities, was successfully accomplished in 1957-1958 with the support of I V. Kurchatov. After rebuilding, re-
actor power was increased to 15,000-20,000 kW, maximum neutron flux was raised to 1.8 - 10" neut/ cm? * sec in
the uranium and to (3-4) + 10" neut/ cm? - sec in the central, water-filled channel. The number of experimental

" channels for testing fuel elements was considerably increased,

The basis of the reconstruction was a loading of new fuel elements, original in construction and in manufactur-
ing technique, of 90%-enriched uranium, and with highly developed cooling surfaces. Within a fuel element assembly
of six concentrically located thin-walled pipés, irradiation of various samples could be done, The walls of the pipes
were made of an aluminum-uranium alloy with an aluminum cladding, Fuel elements with the same kind of steel Ky
were used in a number of other reactors in the Soviet Union.

Tests of a large number of experimental fuel elements in the RFT reactor were of great value in working out
and selecting the most reliable and efficient construction of elements for a number of new reactors (those of the First
Atomic Power Station, the water-cooled, water-moderated reactors of the Novo-Voronezh atomic power station, the
gas-cooled reactor of the Czechoslovakian atomic power station, the reactors of the icebreaker "Lenin,” and others),

Extremely interesting phenomena which were of great importance for reactor operation, and which concerned
the action of radiation on matter, were discovered under the leadership of 1. V. Kurchatov,

Through studies of the physical properties of graphite under conditions of intense neutron irradiation, tremen-
dous changes in the properties were discovered; reduction of thermal and electrical conductivity, changes.in volume
and mechanical strength. It was further established that latent energy, stored in the crystal lattice, was released by
the annealing of irradiated graphite, These studies made it possible to explain the physical nature of the changes in
graphite associated with deformations of the crystal lattice and with a shift of its constants, and to solve a number of
practical problems which arose in the planning and use of graphite-moderated nuclear reactors,

nature of its release, were obtained after a very bold experiment, pushed by I V. Kurchatov, involving the dismant-
Iing of the pile of the 50,000-kW uranium-graphite IR reactor after four years of use,

; Most valuable results for the study of graphite properties, particularly the buildup of latent energy and the

1. V. Kurchatov made a tremendous contribution to the development of nuclear power in the USSR,
' ) J

He deserves great credit for creating the Soviet atomic power station, the first in the world, whose startup was
the first step in the development of nuclear power in our country.

I V. Kurchatov considered that nuclear power might prove to be more economical than thermal in isolated re-
gions of the country despite the fact that the Soviet Union possesses a wealth of natural power resources,

In his appearance before the Twentieth Congress of the Communist Party of the Soviet Union in 1956, he stated,
"...although the capital investment per installed power unit in an atomic power station is approximately one and one
half times more than that of the corresponding coal-fired station, the cost per kilowatt-hour of power from an atomic
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or coal power station may be approximately the same, To a great extent, this arises from the fact that fuel consump-
tion in an atomic power station is negligibly small,”*

On the initiative of L V., Kurchatov, and with his active participation, construction was started on large atomic
power stations, so that this grand experiment might allow us to accumulate experience in the construction and use of .
atomic power stations with mass production of fuel elements and their processing, to discover more technically re- ‘
liable and more economical means for building atomic power stations, and to determine what portion atomic power
should occupy in the over-all power picture of our socialist government, At the present time, assembly has been com-
pleted on two large industrial power stations: Beloyarsk and Novo- Voronezh,

The wealth of experience accumulated during the building and operation of the First Atomic Power Station was
employed in the construction of the Beloyarsk atomic power station which bears the name of I V. Kurchatov, Itsre-
actors with nuclear superheated steam are a further development of the reactor of the First Atomic Power Station.

The planning of the Novo= Voronezh atomic power station with water~cooled, water-moderated reactors was
carried out under the leadership of I. V. Kurchatov, The great compactness, the reliability, the possibility of achiev-
ing more thorough fuel burnup (which has been verified by operating experience with such reactors, for example, in
the icebreaker "Lenin®), all point out the prospect for the application of water-cooled, water-moderated reactors in
atomic power stations.

Lecturing at the English atomic center, Harwell, in 1956, I, V. Kurchatov said, "From the point of view of the
possibility of U3 burnup, the nuclear fuel recirculation process is of great interest, i.e,, a succession of operating
periods in a uranium-water lattice, There are reasons to expect that greater utilization of U?® may be achieved by
the use of nuclear fuel circulation in a uranium-water lattice,.. In connection with the possibility of achieving more
thorough burnup (including that during a single run), the problem of building fuel elements capable of extended
operation under irradiation takes on great practical significance,™* *

L V. Kurchatov carefully saw to the experimental work on the building and testing of such fuel elements for
water-cooled, water-moderated power reactors.

Fuel elements with calcined-uranium dioxide cores in a zirconium alloy cladding underwent extensive and pro-
longed tests in reactors. The tests indicated that the elements were capable of operating reliably while achieving !
thorough burnup — up to 25,000 MW - days per ton of uranium,

L V. Kurchatov directed the tests on many critical assemblies. The results of these tests were the basis for the
development of reactors for various purposes, ‘

Research reactors of various types were built in the Soviet Union under the guidance of L V. Kurchatov, Among
the first, as mentioned, were reactors with graphite moderators,

In many institutes of the Soviet Union and of the people's democracies, the building of water-cooled, water-
moderated research reactors assured a firm basis for carrying out research in the fields of reactor construction, neutron
physics, radiochemistry, and biology, for producing radioactive isotopes, and also for training scientific and engineer-
ing cadres,

New methods of calculation were required for the particular physics of water-moderated reactors, Problems
arose in connection with the securing of chain reaction stability and with core construction, At that time, many
physicists had doubts about the possibility of safe operation of a reactor in which the entire moderating material was
in motion with accompanying density fluctuation of various kinds, They pointed out the danger that the moderator
density fluctuations might lead to uncontrolled runaway with serious consequences — rupture of the core or even a
small atomic explosion.

As a result of theoretical and experimental studies of a water-moderated reactor, methods were devised which
allowed fairly accurate estimation of core dimensions, critical loading, and other parameters,

The VVR-2 reactor, the first water-cooled, water-moderated research reactor in the USSR with enriched urani~
um and channel-free core, was built at the Institute of Atomic Energy. This reactor served as the prototype for the
VVR-S reactor,

*"Pravda,” February 22, 1956,

*¢1 V. Kurchatov, Atomnaya lfnergiya No.3, 5 (1956).
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The first water-cooled, water-moderated research reactor of the swimming-pool type, the IRT reactor, was al-
so built at the Institute of Atomic Energy. Both types of reactor (VVR-S and IRT) received wide distribution. L V.
Kurchatov took energetic measures toward the further improvement of research reactors and toward the creation of
new types of reactors intended for the attainment of higher neutron fluxes (above 10 neut/cm? sec) in order to
carry out certain physical experiments,

The development of research reactors followed the line of creating reactors which operated at constantly main-
tained power levels with provision for continuous removal by circulating coolants, of the heat released in the reactor,
Relatively recently, there appeared the idea of building reactors of a new type — impulse or pulsed reactors in which
extra-high neutron fluxes can be obtained momentarily. Intense bursts for a short period of time can be obtained in
such relatively simple and small reactors which have no special cooling system,

L V. Kurchatov deserves great credit for the creation and construction of pulsed reactors in the Soviet Union
with neutron fluxes up to 10" neut/ cm? - sec, which exceed the maximum neutron fluxes in the most powerful oper-
ating reactors by three to four orders of magnitude,

An important role was played by L. V, Kurchatov in the creation of many atomic research centers in our country,

The planning of a network of research reactors in the Soviet Union and the direction of the research at them
was done with consideration of such factors as the existence of established scientific schools at the locations, the neces-
sity for the solution of problems vital to the national economy of the Union republics and the autonomous regions, the
training of cadres possessing modern research methods,

In 1956, L V. Kurchatov visited Uzbekistan and afterwards, at one of the meetings at the Institute of Atomic
Energy, he stated that if there were an experimental reactor in Tashkent, this would permit the successful solution of
problems associated with the further development of cotton growing and the production of mineral fertilizers in Uz-
bekistan. At a meeting called by the Academy of Science of the UzbekSSR, it was discovered that Uzbekistan had
cadres which had already done much in the fields of agriculture and medicine, However, the progress of a number of
operations, including the development of the best fertilizers from Kara-Tau phosphate rock and the development of
measures to fight saline soils, which are of enormous importance to the republic, has been hindered because of the ab-
sence of short-lived radioactive isotopes with lifetimes of tens of minutes. Such short-lived isotopes can only be ob-
tained in a reactor on the spot, and can only be used in experimental work carried out in the immediate vicinity of
the reactor. The research reactor VVR-S, which went into operation in 1959, was built in Tashkent with the coopera-
tion of I, V, Kurchatov. He was elected honorary member of the Academy of Science of the UzbekSSR, and, in Tash-
kent, the national costume was presented to him. ‘I remember how he, with delight, gave his impressions of the wrip
to Tashkent and Bukhara and of his meeting with the Uzbek scientists, all the while wearing those clothes (robe, sash,
and skull-cap). :

Attaching great importance to the study of the properties of matter at very low temperatures in a reactor, and
taking into account the existence of Georgian schools of cryogenics, I V. Kurchatov proved to be of great help in the
construction of the IRT research reactor in Tbilis, which also went into operation in 1959,

In his last article, "The development of atomic physics in the Ukraine,” which was published in Pravda on the
day of his death, February 7, 1960, L V. Kurchatov wrote, "Work on the investigation and peaceful application of the
energy from nuclear transformations is being carried on at the Institute of Physics of the Academy of Science of the
Ukrainian SSR." He further noted, "In the Institute of Physics, they have completed a group of interesting studies on
the scattering and capture of fast neutrons by atomic nuclei which essentially broaden our ideas about the structure of
the nucleus and about nuclear transformations, A proton accelerator is being used in this Institute and, in the near
future, one of the best nuclear reactors in the Soviet Union will be placed in operation,

With this technical base, they will carry out nuclear physics research, and they will develop various applica-
tions of radioactive isotopes in physics and other branches of science, in industry, in agriculture, and in medicine,”

The VVR-M reactor, to which I V. Kurchatov referred, was put in operation in Kiev in March, 1960.

After the construction of a number of research reactors in the Soviet Union, it became necessary to coordinate
the scientific research being carried out with them, Through the iniriative of I V. Kurchatov, successful preparations
were made in the Academy of Science of the USSR for conducting a broadly coordinated meeting of the directors of
all the research reactor centers in the Soviet Union. The meeting was to have been under the direction of I V,

10

Declassified and Approved For Release 2013/09/25 : CIA-RDP10-02196R000600100001-7




e

Declassified and Approved For Release 2013/09/25 : CIA-RDP10-02196R000600100001-7

Kurchatov, His unexpected death made this impossible. The meeting was held in March, 1960 under the direction
of Academician A, P, Aleksandrov, and all the basic purposes of I. V. Kurchatov — the determination of the principal
direction of scientific activity at each center, the elimination of unnecessary parallelism, the division of the leading
institutes according to individual problems, the interchange of experiments between institutes — were reflected in the
decisions taken,

It was decided that work on problems in neutron spectroscopy and capture y -ray spectroscopy, work on problems
in neutron thermalization, and other work would be developed mainly at the L. V. Kurchatov Order of Lenin Institute
of Atomic Energy; work on problems in the effects of radiation on semiconductors and work on nuclear isometry would
be developed in Leningrad at the Physicotechnical Institute of the Academy of Science of the USSR; work on the
chemistry of hot atoms would be developed at the Institute of Physics of the Academy of Science of the Georgian SSR;
and work on activation analysis would be developed at the Institute of Geochemistry and Analytic Chemistry of the
Academy of Science of the USSR,

Activation analysis was taken as a basic area of research for the VVR-S reactor of the Uzbek SSR Academy of
Science in Tashkent, This decision was determined by the fact that the Uzbek SSR, like the other Central Asian re-
publics, possessed rich and far from completely explored mineral resources and, therefore, they were very interested
in the development of express methods for the analysis of samples into their various components, and also in the de-
velopment of methods for the detecrion of micro-impurities, Important results have already been obtained in the
field of activation analysis (development of a method for controlling boron impurity in silicon, the production of mass
determinations of copper in cores obtained by exploratory drilling, etc.).

Materials analysis through capture y -ray spectra and through neutron resonance absorption has been developed
here along with the usual activation analysis.

These procedures were developed in connection with the study of capture y -radiation and in connection with
neutron spectroscopy studies in the Soviet Union, The experience acquired in other USSR institutes, particularly in
the Institute of Atomic Energy, and data on equipment (y -spectrometers, mechanical neutron choppers, multichannel
time analyzers) were passed on to the Institute of Nuclear Physics of the Uzbek SSR Academy of Science,

The study of the action of nuclear radiations on the biologic properties of various agricultural products — cotton,
hemp, jute, grapes — has great economic significance for the Uzbek SSR, These studies are also carried out with the
help of a reactor,

Extremely interesting and promising results were obtained in the radiation destruction of silkworm pupa within
the cocoon,

With its IRT reactor, the Institute of Physics of the Georgian SSR Academy of Science is carrying out work on
low-temperature neutron spectroscopy of solids and quantum liquids; it is studying the effect of nuclear radiations on
diffusion in single crystals of metals and alloys; it is making observations of the formation of dislocations in ionic
crystals; it is investigating the breakdown of solid solutions under the influence of neutron fluxes and the effect of ir-
radiation on the semiconductor properties of materials. A great deal of the work is involved with studies of reactions
which involve the participation of hot atoms or recoil atoms,

By instruction from L V. Kurchatov, scientific workers from the Institute of Physics of the Georgian SSR Academy
of Science did preliminary work in the selected fields at the Institute of Atomic Energy even while the reactor was be-
ing built, The Georgian scientists received technical documents on mechanical monochromators, cold neutron filters,
neutron detectors, time analyzers, all needed for scientific work, Such a system of cadre training and instrumental
information was also used in the organization of reactor centers in Tashkent; Minsk, Riga, and other places.

The VVR-M reactor of the Leningrad Physicotechnical Institute of the USSR Academy of Science has been
called upon to meet the requirements of the research institutes of one of the most important scientific centers in the
Soviet Union — Leningrad. '

With the VVR-M reactor of the Ukrainian SSR Academy of Science, great advances are being made in work on
neutron spectroscopy, in studies of thermalization processes, and in work on capture y -rays, Work on solid state physics,
in particular with reference to radiation effects on materials, and work in radiobiology are also typical of the workbe-
ing done with the reactor in Kiev,

The basic directions of the work being done with the IRT reactor at the Institute of Physics of the Latvian SSR
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Academy of Science are studies of capture y -ray spectra and the spectra from short-lived isotopes, studies in solid
state physics, including the study of the properties of magnetic materials, and studies in radiobiology.

With the IRT reactor at the Power Institute of the Belorussian SSR Academy of Science, investigations will be
carried out in solid state physics (the structure of ferrites and other magnetic materials, and of semiconductors, the
dynamics of the condensed state), in nuclear spectroscopy, in the radiation resistance of various organic coolants,etc,

Because of the great benefit derived from the first coordinating meeting, such meetings came to be held yearly,

L V. Kurchatov was the principal initiator in the creation of the largest scientific center in the world — the
Joint Institute for Nuclear Studies in Dubna — and he has promoted, in every way p0351b1e cooperative organizations
among the socialist countries and the creation of reactor research centers in them. At the Twentieth Congress of the
Communist Party of the Soviet Union, I V., Kurchatov. said, "Through atomic reactors, we shall carry out work in con-

junction with the scientists and engineers of the countries in the socialist camp who, with' the help of the Soviet Union,

will build for themselves atomic reactors for scientific purposes, and who will plan the construction of atomic power

stations, Our common effort with the scientists of the countries of the socialist camp will be broadened and deepened,

and certainly will lead to outstanding results.” *

In 1956, in one of his speeches, he emphasized the great importance of the help which was being given to the
socialist countries in the planning and construction of research reactors and in the training of cadres, and he expressed
confidence that these cadres would safetly operate the reactors and would carry out research with them, The Soviet
Union began to give such help in 1955, Research reactors of various types were put into operation from 1957 on in
Rumania, Czechoslovakia, East Germany, Poland, China, Hungary, Bulgaria, and other countries, These countries
then had at their disposal modern equipment which enabled them to train national cadres of scientists and engineers
and to develop research in various branches of science and engineering.

It then became necessary to discuss and plan the scientific work to be done with the reactors, to make an effi-

cient selection of research goals, and to coordinate them. I V. Kurchatov expedited these activities in every possible
way, )

The first such meeting took place in Dubna in the spring of 1959, At it, there was discussed information about
the status and course of research work at reactors built in the Joint Institute for Nuclear Studies member- countries.
The meeting was faced with the problem of coordinating the efforts of the socialist countries toward the greater de-
velopment of peaceful uses of atomic energy,

With the support of I V. Kurchatov, an international conference of scientists and engineers of the socialist
countries on the problems of operation and use of research reactors was arranged. This conference, which took place
in June, 1960 in Dresden, was an important landmark in a new stage of brotherly cooperation between our countries
in the matter of the peaceful use of atomic energy, About 150 scientists and engineers from nine countries partici-
pated. At the conference, the experience acquired in a number of socialist countries in the operation of research re-
actors was reviewed, along with the extension of their experimental possibilities and their use for scientific work. A
number of scientific and engineering problems were presented which were to be solved in a short time, since some
countries which had the experience and specialization offered to take upon themselves the solution of individual prob-
lems. This important meeting offered prospects for strengthening the collaboration between brother scientists in the
countries. In turn, yearly meetings began to be held in the various countries, meetings which dealt with reactor re-
search, reactor physics, and the exchange of experiences with the operation and improvement of reactors,

The reactor research centers establisied with the help of the Soviet Union became full-fledged scientific or-
ganizations in the majority of the socialist countries, actively working in timely fields of science and engineering,
making their contribution to world science, and meeting the demands of the economy of their countries,

We see how true were the words spoken by I V. Kurchatov in 1956 in connection with the creation of research
reactor centers in the socialist countries, and to what successful results this has led,

1. V. Kurchatov strove for close collaboration with the scientists of all countries, It is well known what a great
role in the development of international collaboration of scientists was played by the lecture of I, V., Kurchatov which

was given in England, and which dealt with the work being carried on in the USSR in the field of thermonuclear fusion,

In a second lecture, he dealt with some problems in the development of nuclear power.

*"Pravda,” February 22, 1956.
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L. V., Kurchatov more than once played the host to foreign scientists newly arrived in the Soviet Union, showed
them the experimental equipment at the Institute of Atomic Energy, as well as the results of investigations, and led
joint seminars, For example, F, Joliot-Curie visited him in 1958, he received a delegation of English scientists under
the leadership of J. Cockcroft that same year and, in 1959, a group of American scientists, among whom were such
outstanding scientists in the field of reactor construction as A, Weinberg and W, Zinn.

Through the initiative of I, V, Kurchatov, and under his guidance, 2 session of the USSR A cademy of Science,
was arranged which met in July, 1955, and which was devoted to the peaceful uses of atomic energy. At this session,
80 reports were read in which the results of important investigations being carried on in the Soviet Union were pre-
sented for the first time. These reports aroused great interest and proved useful to the scientists of other countries,

I. V. Kurchatov was in charge of the preparation of reports for the International Conference on the Peaceful
Uses of Atomic Energy held in Geneva in 1955,

The reports at the July session of the USSR Academy of Science and at the Geneva conference were a great con-
tribution of Soviet science to the problems of the peaceful uses of atomic energy, Among the reports presented at the
Geneva conference, an important position was occupied by reports on the First Atomic Power Station, on the course
of the development of nuclear power, on a reactor for physical and technical research, by reports about the VVR-2,
VVR-S, and T VR research reactors, by reports on reactor theory, and a number of others,

o

At the conference, at which the representatives of 79 countries were present, the Soviet Union submitted 102
reports, From the tribune of the Twentieth Congress of the Communist Party of the Soviet Union, I V. Kurchatov de-
clared, "We derived great satisfaction from the fact that, at this conference, the reports of our scientisis and engineers
received a high rating from the world scientific community,”* =

Again with the active participation of I. V. Kurchatov, preparations also went forward for the Second Inter-
national Conference on the Peaceful Uses of Atomic Energy (Geneva, 1958). For the first time, a considerable number
of papers were devoted to the problem of thermonuclear fusion. The speech by L V. Kurchatov in England led to the
open discussion of this most important scientific problem, :

A great deal of interest was aroused by the Soviet scientists' reports on a number of subjects: the construction
of the atomic icebreaker "Lenin,” the operating experience with the First Atomic Power Station, the plans for new
atomic power stations with uranium-graphite reactors producing high-pressure superheated steain as well as stations
with water-cooled, water-moderated reactors, the experimental fast reactors, the building of the intermediate research
reactor SM-2 with high thermal neutron flux, the rebuilding of the existing RFT, IR, VVR-2, and TVR reactors, the de-
velopment of rod-shaped fuel elements for VVﬁR-type reactors, and the reactors of the atomic icebreaker "Lenin,"
the tubular elements for research reactors, and many nlore. An especially powerful impression was made by the unex-
pected news of the start-up, in the Soviet Union, of the first new atomic power station of its kind (100,000 kW),

The high scientific level of the reports presented assured the prestige of the Soviet Union.

The brilliant life and career of that outstanding Soviet scientist and man, I, V., Kurchatov, which are forever
engraved in our hearts, will serve for all as an example of unselfish service to the Motherland.

*"Pravda,” February 22, 1956,
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SPONTANEOUS FISS.ION' AND SYNTHESIS OF
FAR TRANSURANIUM ELEMENTS

G. N. Flerov, E, D. Donets, and V. A, Druin’

Translated from Atomnaya ﬁnergiya, Vol. 14, No. 1,
pp. 18-26, January, 1963 :
. Original article submitted August 30, 1962

The:possibility of spontaneous fission of nuclei was predicted theoretically in 1939 on the basis of a model rep-
resenting the nucleus as a drop of charged liquid [1].- Immediately after the publication of that article, intensive re-
search was started in the laboratories of many countries to investigate the spontaneous fission of uranium and thorium,

the heaviéspelements known.at that time, At the Lenin-

Kl’\\\ 1 grad Institute of Physics and Technology of the Academy
0% T;Zf” N , of Sciences of the USSR Professor I, V. Kurchatov's labora-
10" — 2.!505—\112”;”;’23-7 1 i ) tory developed a highly sensitive procedure by means of
_ 7h | ’ ' which K. A, Petrzhak and G. N. Flerov were able, for the
0" ZZ’;’%\?XJ‘: iPuz” ;7«1 —] first time in 1940, to observe spontaneous-ﬁssidn fragments
” Am 1238 :
10 232\° : o : of U [2_]'
102 N ' : v The experimental discovery of the fission of U
o o No{{gsv_ from the' ground (unexcne:d) state greatly he.lghte.ned the
o ) g 1o n0f Y interest in the study of this new form of radioactive decay
§ 10° TN TH - of nuclei. Investigations were conducted along two main
- 105‘- . 248 _ ?“2'0 253 lines: to explain the mechanism of spontaneous fission, and
= CL : DJ x£s to find new nuclei in which it took place, It was found that
0* 1. 55 '\”‘5 many transuranium elements obtained artificially in re-
10° tmi : ) e “actors or accelerators undergo spontaneous fission,
T 252 250} X [25 N ‘
10° [£s Fm ~ ] Some Laws Governing the Spontaneous
B 2509 zsl'f Fission of Nuclei
0= of ! _ By 1952 a large amount of experimental material on
07— : 255¢ spontaneous-fission periods had been collected, and this
-5 Fm . enabled Seaborg to publish the first systematic study of
10
' i these data [3]. He constructed a graph.of' the spontaneous
= 315 W ‘flzswn per‘1od 'Tsf as a‘ fu.ncnon 9f the fissility pararneter'
: ' Z?/ A, which in the liquid drop model represents the ratio
Fig, 1. Period of spontaneous fission Tf as a function of the Coulomb energy tending to force the protons apart to
of the fissility parameter Z*/ A. the stabilizing surface energy of the nucleus, This system-

atization was later refined and extended [4,5]; its present
form is shown in Fig. 1. We can observe three basic features in the behavior of the spontaneous-fission periods of the
various elements: 1) a general tendency for Tsf to decrease as ZZ/A increases; 2) the "parabolic™ shape of the curves
on which the values of Tsf lie for the various isotopes of one element; 3) a value of Tgf in nuclei with an odd number
of neutrons or protons which is 10° to 108 times the Tsf value of an even-even nucleus for a given Z%/ A value, The
first of these features agrees qualitatively with the predictions based on the hydrodynamic model, while the latter two
cannot be explained from ‘the viewpoint of this nuclear model, The development of the theory of spontaneous fission
is closely related to that of the general theory of nuclear structure and nuclear reactions, The various models to rep-
resent nuclear structure were also used to explain features of the Tgf versus 7%/ A graph, Evidently, for a correct under-
standing of what happens in the fission process we must consider not only the collective properties of the nucleus, but
also the behavior of the individual nucleons when the niucleus as a whole is deformed. As was shown by Nilsson [6],
the energy of the individual nucleons changes considerably as the nuclear deformation increases, and this may produce
an appreciable change in the hydrodynamic fission barrier, Johansson [7] used the Nilsson diagram for an analysis of
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20 effective barriers; the analysis indicated that the graph of T¢f as a func-
%- U\\ tion of Z%/ A can be made considerably more regular by taking single-
7 \\\ Py particle corrections to the hydrodynamic barrier into account, The dis-
= 1% %\}\Di' persion of the points is considerably reduced, and they are grouped about
& \Q a straight line (Fig. 2). _
o '\\ Despite the substantial theoretical advances in the understanding
12 & _of spontaneous fission, the theory is still only qualitative, In particular,
10 b it is very difficult to give a theoretical estimate for the lifetimes of the
Cm\ ! far transuraniumn elements, For such estimates, therefore, we resort to
8t ; ' various semi-empirical formulas and to the extrapolation of experiment-
£ ) : ally observed relationships to the range of the unknown nuclei., The
Swiatecki [8] and Dorn [9] formulas are widely used, These formulas
4 Cf o 1= were based on the fact that the experimental values of the nuclear masses
P 9 in the ground state do not agree with the points on the smooth mass sur-
\e face which were calculated on the basis of the hydrodynamic model, us-
0 7 ing the quantity ém, and that the spontaneous-fission periods determined
experimentally disagree with those expected from this model when the
2 quantity 8§ T is used,
-4 Swiatecki observed a well-defined correlation between § T and

35 36 37 38 39 4 ém. This seems natural today, since we alréady know that the hydro-
%a dynamic formula for the masses ignores the shell structure of the nuclei,
Fig. 2. Graph of experimental values of the fluctuations in the pairing energies, the nonuniformity of the angular
Tgf as a function of Z?/ A after single- and radial charge distributions, etc,, but all these energy effects influ-
particle corrections are applied [7]. ence the nucleus lifetime for spontaneous fission. By applying empirical
corrections K§ m to the observed spontaneous-fission periods, Swiatecki
obtained a smooth curve of Tgf + K& m versus Z2/ A for even-even nuclei with K = 5 —(ZZ/A — 37.5).

Dorn made a stight change in the Swiatecki formula by adding a ¥vZ/ A term, thereby smoothing the curves
even more. An analytic expression of the Swiatecki-Dorn formula for periods of spontaneous fission is the following:

18 Teyen-even ~ 30,00

[Q TOdd A = —"'23,46 "—7’86 i(),3562 i—
W Todd-o0dd —18,56)

0,07363 -} 1389 Kfu (4 0) b |

where 8 =_ZZ/A — 3.5, Tgf is expressed in seconds, and §m is expressed in MeV. To estimate the spontaneous-fis-
sion periods of unknown nuclei, §m may be defined as the difference between Cameron's tabulated mass value [10]
and a point on the smooth mass surface:

M=1000A—8,3557A+19,12A2/3+0,76278%—{—'25,444 LN—_TZK—FO,QO (N—-2Z).

Figure 3 shows the spontaneous-fision periods calculated by the Swiatecki-Dorn formula for a number of isotopes
of curium, californium, fermium, and elements 102 and 104, For comparison purposes, experimental points have
been shown by crosses, and broken curves have been drawn through them, It can be seen that satisfactory agreement
with the formula is found in the case of californium isotopes, while in the case of fermium the position and behavior
of the broken curve differ considerably from those of the solid curve, For heavy isotopes of curium, the formula pre-
dicts a sharp increase in the probability of spontaneous fission, and in the case of elements 102 and 104, the periods
of spontaneous fission decrease somewhat more slowly in the N > 152 range than those of .californium and fermium,
In [11], analyzing the curve of emission of various transuranium elements from the "Mike" thermonuclear explosion,
Dorn showed that the formula yields lower values of Tgf for very heavy isotopes (for example, Fm** and Fm®®), Ac-
cording to his conclusions, the emission curve can be explained only if we assume that in the region far from the beta
stability curve spontaneous fission cannot take place more rapidly than beta disintegration, i.e., that the Swiatecki-
Dorn formula is not valid for neutron-enriched nuclei. We cannot at present determine the range of*N values for
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2 1_,!Q‘m \ ' which this formula is valid, If we consider the new, still
/ ‘\ngsﬁgmzw undiscovered elements immediately adjacent to those we
"l Y\ have studied, the most reliable method of estimating their
{sz“ ‘\ om spontaneous- fission lifetimes still appears, up to the pres-
107 : \ ent time, to be the extrapolation of empirical curves of
Fm?5%, \ Ty versus Z and A. For this purpose we may use, for
0% )\{7[15 \“ example, curves of Tg¢f as a function of the number of neu-
\ \{,\ trons N in the nucleus when Z is constant (Fig. 4), or of Tgf
108 \\ as a function of the number Z of protons in the nucleus
A — \l %\‘\ when N is fixed (Fig. 5). Simple graphical extrapolation
107 Vm \i yields values of T for elements 102 and 104 which differ
e ’\ \ B\[yﬁ considerably from the calculated values, In particular, a
v, 10 A lifetime of 0.01-1 sec may b d f i
< . § y be expected for the isotope
2 \04 \ \ 104%% on the basis of Figs. 4 and 5, while the Swiatecki-
10°% 5 ‘\\ Dorn formula yields a value of one hour for the period.

\ A very important question in predicting the-proper-
\ v ties of elements is just how much the subshell with N =152
affects the fission barrier for high values of A,

%
7

%

For very high A values, the parameter ZZ/A becomes

’ ' considerably smaller than (Z%/ A)N =152 - According to the
0 position of the hydrodynamic model, such nuclei should be
N\

more stable with regard to fission. The competition from
the shell effect reduces the value of Tsf, but the import-

g \}:/Z;f\]\ ance of this effect §nay be considerably less beyond N
107" : ! m §192 i = 152, and we may then expect a rise in the right-hand
g o0 sz 154 158 156 fE3 w2 N branches of the curves in Fig, 4, It is difficult to predict
Fig. 3. Values of T¢f calculated by the Swiatecki- where this rise will begin. Johansson [7], analyzing the be-
Dorn formula as a function of the number of neutrons havior of neutren levels up to the value of N = 160, con-
N in the nucleus: —O— calculated values; - -%- - cludes that the heavier isotopes of californium and fermi-
experimental data, um will have longer lifetimes than might be expected from

graphical extrapolation, For example, the extrapolated

58 is a few minutes, but Johansson estimates it at one hour, The value of Tgf similarly obtained

value of Tgf for Fm
for Gf*8 is between one year and one month,

Only experimentation can provide the answers to all these questions, However, the experimental determination
of the spontaneous-fission periods of some relatively heavy isotopes of fermium and californium is hampered by seri-
ous difficulties in the problem of synthesizing them.

In order to estimate the various possible ways of obtaining such isotopes, we shall first consider the presentstate
of the problem of obtaining new transuranium elements and studying their properties, and we shall try to note some
methods which will enable us to advance further into this range.

Synthesis of Transuranium Elements Using Multicharge Ions

The start of work in this direction in the USSR is closely linked with the name of Igor’ Vasil'evich Kurchatov,
The first reactor, the first cyclotron accelerating multicharged ions, and later the large heavy-ion accelerator at
Dubna, were established with his direct participation, guidance, or enthusiastic support. The installation of the 300-
cm cyclotron at the Joint Institute of Nuclear Studies, which makes it possible to obtain intense beams of ions in a
wide range of Z and A values, opened a wealth of new possibilities for conducting experiments in the synthesis of new
elements, Various multicharged ion accelerators have been set up and put into operation in a number of countries
during the past few years,

Up to the present time, heavy ions have been successfully used to synthesize all previously known transuranium
elements, as well as the new elements 102 and 103 (lawrencium) [12-15],

Judging by the successes achieved with this method, we may: consider it the most promising for the synthesis of
new elements. Nevertheless, the difficulties encountered in its use are so great that we are forced to analyze and
test all processes which are even the least bit likely to extend the possibilities of this method.
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232 The synthesis of a heavy element Bé from a target
102 ~Th A‘%l and an accelerated ion I72 depends on a nuclear re-
07 . ,Zﬁ_’f’ action of the type ?
o &TQJ@Q%L,@\ 752 'neutron$ | NS (152, m) BE
A 17T e _ .
10 *fm The heavy ion, accelerated to an energy somewhat greater
107 z,w Jo than that of the Coulomb barrier, penetrates into the target
10 ﬁa e nucleus with a cross section close to the geometric cross
’ 2 0 £236 cff"-":\xg,rz"’ section and contributes all its kinetic energy to the com-
2. ¢ 24224‘4/%%0 pound nucleus. Since the nucleons in the compound nucle-
R 0°¢ 5 i | S Es?5%,0s us are less firmly bound than in the target nucleus and in
104 -] 246 '2’,5,755 the nucleus of the heavy ion, part of this energy is expended
A X zcj” in unpacking, and the remainder (usually 30-60 MeV), is
10° 3 sxfm”-" ‘ used to excite the compound nucleus. The nucleus may re-
10° A WAl . ' lease this energy by the evaporation of a number of nucle-
e N \ Wi ons (usually three to five), However, since we are dealing
" \\ \556 with heavy nuclei, i.e., nuclei with a low fission barrier,
10 /"‘\ the main form of disintegration of the compound nucleus
10°° N NFr is fission, which usually predominates over all stages of
108 ’/\ \fk\mz(v nucleon evaporation, As a result, the yield cross sections
706 of far transuranium elements are found to be smaller by
%0 142 144 146 148 150 152 154 156 158 N several orders of magnitude than the geometrical cross sec-

. tions and usually have values of 1072 to 10~ cm?,
Fig, 4. T as a function of the number N of neutrons y

in the nucleus. ‘Sometimes a reaction of the type

Ayl (152, Heizn) By~
e

. is used to synthesize a heavy element, This reaction differs
v from the previous one in the fact that an alpha particle is
\ ' ‘ emitted when the heavy ion is captured; in other respects,
e e the process is similar. Since this case also includes an
ot L\“ ]\ evaporation stage, the cross section of B‘%:% isotope forma-
X : tion is also smaller by several orders of magnitude than the
w0 \<2 i geometrical cross sections, '

10°

N \ 254 "~ Experimenters of today have at their disposal some
254 & ~ s fairly high-intensity ion beams containing B'®!, c'2:13,
\ N oss -152 N5, 16,18 ;nd Ne?"2 and a good supply of target ma-
N terials from U?® to Cf**. The choice of Zy for the target

\\255 NP and Z, for the particle used to synthesize an element with

Y T a given Z = Z; + Z, remained uncertain for a long time.
N The hypothesis was expressed that increasing Z, by one, and
0 3258 decreasing Zy accordingly should reduce the yield cross sec-
> tion of the element with atomic number Z by a factor of
0 \| 260 ten. However, an analysis of studies made earlier [16, 17],
N<156 ‘ and of the data obtained in [18] indicates that these esti-
mates were too pessimistic. The transition from the synth-
esis of Fm?>? by the Pu! (C'3, 4n) Fm®® reaction to the synth-
Fig. 5. T as a function of the number Z of protons esis of Fm®™® by the Th?® (Ne®, 4n) Fm?? reaction reduces
in the nucleus. the cross section only by a factor of 20, rather than by four

orders of magnitude as was supposed earlier.

<
.
s
B>
/

L, years
-

3
~

107

85 58 100 02 104 052

Thus, it is possible even today, in theory, to synthesize all the elements up to an including 108, However, when
we try to apply this possibility, we encounter difficulties involving not the synthesis itself, but the study of the proper-
ties of the newly obtained elements and new isotopes,

Neutron evaporation reactions generally result in the formation of light isotopes of new elements which have a

17

Declassified and Approved For Release 2013/09/25 : CIA-RDP10-02196R000600100001-7




Declassified and Approved For Release 2013/09/25 : CIA-RDP10-02196R000600100001-7

short alpha disintegration lifetime. For this reason, chemical methods of identification cannot be used. This con-
siderably complicates the entire investigative process and often reduces the reliability of its results,

The method of physical identification of a new alpha-active element with a short lifetime is based on the re-
cording of alpha-activity with a systematically assumed energy, At the same time; all possible background influ-
ences must be eliminated. It has been found experimentally that in reactions with heavy ions in mixtures of lead,
bismuth, and other elements in the target, alpha-active nuclei in the Ac—Po region may appear, with disintegration
properties close to the expected properties of the new elements [13, 19],

Moreover, recent studies [20, 21] analyzing the products of Th + Ne nuclear reactions indicated that such back-
ground activity comes about as the result of deep-detachment reactions, The additional background sources may be
unknown light isotopes of californium, fermium, etc,

Any further advance toward the synthesis of heavier elements by the alpha-activity recording method will be-
come increasingly difficult, and its results will become less and less reliable, The reason for this is that as we pass
to heavier particles, the number of background activities will increase and the cross sections of formation of new ele-
ments will decrease. At the present time, experimenters have approached the synthesis of element 104. This is the
region in which spontaneous fission may come to predominate over other forms of disintegration,

It has been found considerably simpler to show that a new element has been formed by using its spontaneous
fission than by using alpha disintegration or electron capture, since the absence of background makes the method very
sensitive. The nuclei produced in the reactions taking place in the mixtures of the target cannot undergo spontane-
ous fission. To identify a new element it would be sufficient to use the complex study of the excitation functions of
the formation of a spontaneously-éplitting product (this would give the value of the atomic weight A) and the yields
of.a given nucleus under crossed irradiation of different targets by particles with varying A, and z, values (to deter-
mine the atomic number Z of the product under consideration). However, in practice this has been found more com-
plex than might have been expecied,

It was shown in [22] that when heavy ions (Ne??, O¢, B!, etc.) interact with nuclei of uranium, we obtain a
spontaneously splitting isotope with an anomalously small half-life (about 0.015 sec). A study of the excitation func-
tion for the formation of this isotope in various reactions led the authors to conclude that this synthesis takes place be-
cause some of the nucleons of the incident nucleus are transmitted to the target nucleus, and that it has an atomic
number not exceeding 97, The maximum cross section of the U?*® + Ne? reaction is approximately 2 * 10”% cm?. On
the other hand, the cross section. of the U?*® + B! reaction is several times the above value in experiments with neon,
The authors suggest the hypothesis that the observed effect is caused by spontaneous fission from the isomeric state,
Indeed, if U® is irradiated with B** ions, we obtain known isotopes with elements with Z < 97, All of these have in
the ground state a lifetime considerably greater than 0,015 sec, while the spontaneous-fission periods Tgf of these iso-
topes are found to be not less than 107 years, It follows from this that the spontaneous fission of the resulting nuclei
has been made easier by a factor of more than 10,

Thus far no direct evidence exists as to whether this isomeric is a unique case or whether the phenomenon is
widespread in nature and isomers with various lifetimes may be found in the reactions concerned. An extensive study
of these nuclei will make it possible to obtain further information on the mechanism of "ordinary™ spontaneous fission,

Thus, the problem of synthesizing and identifying transfermium elements by their spontaneous fission from the
ground (unexcited) state is found to be related to the obtaining of the heaviest isotopes; this would make it possible to
make not only physical studies of the new elements, but chemical studies as well, and would considerably increase
the reliability of the identification,

' \
After these preliminary remarks, we shall now consider a number of possible reactions which would enable us, |
in theory, to synthesize a nucleus with a number of neutrons considerably exceeding the "magic” number N = 152; |
this could not be achieved by neutron evaporation reactions even if the heaviest targets were used. For example, if

Cm®8 js irradiated with Ct° ions, we cannot obtain isotopes of element 102 with a weight of more than 257; irradia-
tion with N'® cannot produce isotopes of element 103 heavier than 259, and these isotopes, as is indicated by the sys-
tematic study, should have short lifetimes,

Incomplete- Fusion Reactions Using Heavy Particles, If Arfg or Ca,} is used as the bombarding particle, we may
hope that in the reaction involving boundary interaction with the target nucleus there will be capture of a consider-
able portion of the incident particle, and the nucleus will remain near the ground state,
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As an example, let us consider reactions to synthesize a number of heavy isotopes of fermium, using the inter-
action of Ar® with uranium:

U238 Ar0 —> Fin25% 1 Ne22, -
U238 | Ar40 —> F258 | Ne2o;
U238 Ar#0 —> Fm260_|- Nels,

Our hopes of success of such reactions are based on the following: First of all, these reactions are threshold reactions,
and their thresholds lie above the Coulomb barrier. The reason for this is that oxygen nuclei are captured from the
bound state in the Ar* into the bound state in fermium. Consequently, there is an energy range of the bombarding
particles within which any considerable excitation of the fermium nuclei will be impossible, from energy considera-
tions, so that there will be neither nucleon evaporation nor fission. In the second place, we have at our disposal data
indicating that in reactions with multicharged ions there has been observed a considerable yield of such products,
which may be formed, in particular, by a mechanism noted above (for example, U?® + N > Cm?272%), In the third
place, we know reliably [21] that a large cross section is found in the reactions which include the capture of a large
number of nucleons of the target nucleus by the incident parricle, If the mass and charge of this particle are in-
creased, by accelerating, for example, argon or heavier elements, we may expect the reverse reaction to take place
as well: the reaction in which a large number of nucleons from the incident particle are captured by the target nu-
cleus,

In order to check this method, it is most convenient to use the first of the above reactions, in which we obtain
the spontaneously splitting isotope Fm?*® with Tsf = 2.7 hours, which should assure a high degree of sensitivity.

Radiative Capture of a Heavy lon. A second possibility for approaching the region of beta stability may be
found in reactions involving the radiative capture of a heavy ion. In these reactions, the emission of a high-energy
gamma quantum should reduce the excitation energy of the compound nucleus to a level below the fission threshold,
Such reactions should yield products with mass numbers four units greater than those usually obtained in nucleon
evaporation reactions. Clearly, the process of emission of one high-energy gamma quantum from a heavy compound
nucleus will constitute little competition for the processes of fission and nucleon evaporation, Nevertheless, the fact
that in this process there is only one stage of emission of a gamma quantum [F},/ Tf+Tp+ Fp + I‘Y )]1, as compared
to the usual four stages of neutron evaporation [Ty /(T'y + T'f)J*, gives some hope that the effective cross section of
this process will not be very small, : '

Unfortunately, at present there are only a very small number of studies [23, 24] devoted to reactions involving
radiative capture of a heavy ion, and all of these investigations were carried out on light targets. In this case the
cross section is about 10"® cm?, There is no way of obtaining from this result a cross section corresponding to the re-
gion of heavy transuranium elements,

Here, we believe, the simplest procedure is to establish experimentally the cross section for the radiative cap-
ture of 0% by a U nucleus to form Fm?®;

Uess (018’ Y) Fmn?25S,
The sensitivity of this method, when a 100-pA current of O'® jons is used, enables us to observe reactions taking place

with a cross section of 10™® cm? The effect in the case of such a cross section is about ten fissions per hour.

Nucleon Evaporation Reactions Using the Products of Nuclear Reactions as Bombarding Particles, Let us con-
sider in some more detail the data obtained in [21].

When Th*® was irradiated with Ne? ions, the authors of the present study observed large-scale emission of the
isotopes Ac™4, Ac?®, Ac*®S, and Th®?", The only mechanism capable of explaining this result is the stripping of a
number of nucleons from the target nucleus, At the same time, the authors obtained data indicating that the stripped
nucleons, in all probability, were transferred to the incident particle. Thus, when Th?® is irradiated with Ne?? jons,
there is a beam of secondary particles which will include very heavy isotopes of neon, sodium, and magnesium,

Let us estimate the possible intensity of the beam of secondary particles. Starting from the data of the study,
it may be expected that the cross section of formation of these particles may be about 102 cm?, With a 100-yA cur-
rent of Ne” jons and a Th?® target with a thickness of 10 mg/ cm?, we shall have about 10° particles per second. Put-
ting aside the question of the energy distribution of the secondary particles, we note that such a beam is completely
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adequate for the study of reactions taking place with a cross section =10"28 cm?, if the reaction products make pos-
sible the recording of several events per hour.

A cross-section value of 10728 ¢cm?

is not oo large even for the region of far transuranium <lements, since the
fissility of the compound nucleus in this case must be considerably reduced by reason of its increase in mass, and the
neutron evaporation process can successfully compete with the fission process, In each case, the possibility can be
checked without much difficulty; we can do this by irradiating a thick Th?® target with Ne?? ions of sufficiently high
energy. The thorium will not only transform the beam, but will also serve as the target at which the Th®®(Ne?8,4n)Fm?6
and Th®®(Na?%8, 4n)Md?% M Fm®® reactions will take place,

The means of synthesis of enriched neutrons of the far transuranium elements which we have considered above
could considerably widen, in our opinion, the possibilities in this direction of the method of multicharged ions.

It remains only to note certain particular cases in which individual heavy nuclei are obtained, and to analyze
briefly the reactions involving the evaporation of protons from compound nuclei, since such reactions also lead to the
formation of heavy isotopes of wransuranium elements. '

From the viewpoint of a systematic study of spontaneously splitting nuclei, the synthesis of Cf*%¢ and Fm?® is of
great interest, since the lifetimes of these isotopes, as estimated by different methods, are too contradictory.

The isotope Cf2%6 may be synthesized, in quantities sufficiently large for study, by a reaction of the type
CfZ4(018, 08256, provided the experimenter has at his disposal at least 10! nuclei of C£2%4,

In reactions involving multicharged ions [for example, Cm*®(B!, 4n)M?® €l1eCUOR CAPWUIE ©n255 g0 \hich
Ti =215 hours], we can accumulate about 10° nuclei of Fm255; if the reaction in which three neutrons are captured
by some particle takes place with a cross section of about 107% cm?, we can synthesize enough Fm?®® for study
(several disintegrations per hour),

Reactions involving the evaporation of charged particles provide another possibility of obtaining relatively
heavy isotopes, For example, Pu*2(Ne?, p3n)103%¢° may be such a reaction, There is good reason to expect the iso-
tope 103?%® to be unstable with respect to electron capture, Electron capture will result in the formation of the iso-
tope 102?%, which should be spontaneously fissile.

The (Ne®, p3n) nuclear reaction was used successfully to synthesize element 101, Md®®, by irradiating U*%
[25, 26]. A similar reaction involving the evaporation of a proton and two neutrons may yield still heavier isotopes.
In particular, it may be hoped that the Pu?#(Ne??, p2n)103% reaction will yield a relatively long-lived isotope of
element 103,

A reaction in which a proton and only one neutron are emitted is very unlikely, The reason for this is the small
cross section of formation of a compound nucleus in the case of a low-energy incident particle, Experiments indicate
that the cross section of the U*¥(Ne?®, pn)Md®® reaction is not more than 10" ® cm?, This sets a limit to the use of
charged-particle evaporation reactions in synthesizing heavy isotopes.

Conclusion
The further study of the properties of spontaneous fission is closely related to an advance into the region of still
undiscovered elements and to the synthesis of heavy isotopes of californium, fermium, and element 102,

Moreover, a study of the phenomenon in which we are interested — the fission of isomers of the transuranium
elements and the nuclear reaction in which they are formed — will also provide a great deal of new information on the
mechanism of nuclear fission from the ground state,

On the basis of recent studies establishing a relationship between the probability of spontaneous fission and the
energy-level distribution of nucleons in the nucleus [7, 217, 28], we may hope to obtain additional information on the
structure of nuclei if we study their periods of spontaneous fission.

Furthermore, by studying the rules of variation of the periods of spontaneous fission over a wide range of Z and
A values, we may be able to answer the question of how important spontaneous fission is for those isotopes of trans-
fermium elements which ought to be obtained in the very near future.

The synthesis of a new element is a very complex problem. To solve this problem we must develop a large
number of different specialized methods, and the choice of any particular method will depend to a great extent on
the type of disintegration and the lifetime of the element under study. The more we know about spontaneous fission,
the more exactly we will be able to determine Tgf for the new element, and the greater will be oir chances for a
successful solution of the problem of synthesis.
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Thus, the problem of the further study of the rules governing spontaneous fission and that of the synthesis of
new elements, are inseparably connected, so that progress in one yield will necessarily constitute progress in the other.
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INVESTIGATION OF PROPERTIES OF p - MESIC ATOMS AND
4 -MESIC MOLECULES OF HYDROGEN AND DEUTERIUM
AT THE DUBNA 680-MeV SYNCHROCYCLOTRON

V. P, Dzhelepov

Translated from Atomnaya Energiya, Vol. 14, No. 1,
pp. 27-37, January, 1963
Original article submitted September 14, 1962

The first stages in the development of a new field of physics.in our country, the physics of high-energy particies,
are linked to the building of the synchrocyclotron at Dubna in 1949, This machine is capable of producing protons of
680 MeV, and pions and muons of energies up to 400 MeV, An important initiating and managing role is credited to '
the late Igor’ Vasil'evich Kurchatov both in the stages of the installation and assembly of this unique accelerator,and
in the stages of performing research on the machine, Being in possession of a broad scientific horizon typical of an
outstanding scientist and prominent public activist, in harmony with the solution of the country's most pressing and
grandiose large-scale problems in practical applications of nuclear energy, Igor* Vasil'evich always took the long for-
ward view and expended intense efforts in cementing the necessary base for the future potentialities in scientific re- “
search in the field of the atomic nucleus and elementary particles, The Nuclear Problems Laboratory, whete the ac- |
celerator was installed, was over a long period a branch of the Institute of Atomic Energy of the USSR Academy of
Sciences, over which I V. Kurchatov presided in the post of Director. The 680-MeV synchrocyclotron, now turned
over to the Joint Institute of Nuclear Research, has made it possible to complete a huge volume of research on a vari-
ety of topics, with extremely valuable scientific results, *

L V. Kurchatov consistently felt a passionate urge in science toward what was new, important, of broad scope,
and appealed to his disciples to follow in that direction, It is a pleasure for us to report, in this issue of the periodical
which is devoted to the memory of our beloved teacher, on one of these new trends in research developed in recent
years in work with the Dubna synchrocyclotron, the study of mesoatomic and mesomolecular processes in hydrogen,
all the more so in that some of these investigations touch on the problem of the thermonuclear fusion of light ele-
ments, to the study of which Igor® Vasil'evich devoted, with the tremendous involvement and energy characteristic of
him, the last years of his scientific activities,

Introduction _

As a result of the completion of a number of high-precision experiments.with p -mesons (measurement of the
gyromagnetic ratio of the p -meson [1], study of muon scattering.on carbon [2], etc.), particularly in recent years, it
has been established to a high order of reliability that the p -meson, possessing a mass 200 times larger than that of
the electron, is entirely similar to the electron in its’ electromagnetic properties. One of the manifestations of this
similarity is the fact that negative muons may be captured into atomic orbits and there form mesic atoms and mesic
molecules of various elements, in a manner similar to the way electrons form the familiar atomic and molecular sys-
tems, The distinguishing features of mesoatomic systems are, however, the fact that the lifetimes of these systems
are relatively short and are determined, in the case of the light elements, by the lifetime of the p -meson (2.2 +-107%
sec) , while their dimensions are approximately 200 times smaller than the dimensions of conventional atoms. Meso-
atoms and mesomolecules constitute a great new world of particles of matter existing in a very special state. In this
article, we shall be dealing with a study of the properties of mesoatoms of the simplest element, hydrogen,

The radius of the first Bohr orbit of the hydrogen mesoatoms is at most 2.5 * 10™* ¢m), and this fact, along
with the electroneutrality of these atoms, leads to a whole series of specific physical phenomena,

N

*The most important of these results have been published in the periodical Atomnaya ﬁnergiya in articles authored
by V. P. Dzhelepov and B. M. Pontecorvo, 3, 11, 413 (1957), and D. 1, Blokhintsev, 10, 4, 317 (1961),
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Fig. 1. Arrangement of experimental equipment, 1)
Inner proton beam from 680-MeV synchrocyclotron;
2) beryllium target; 3) u”- and n~-mesons, of 260
MeV/ ¢ momentum; 4) shielding wall; 5) collimator;
6) deflecting and defining magnet; 7) lead shield; 8)
copper filter; 9) diffusion-chamber solenoid magnet;
10) stopping of ™ -mesons; 11) diffusion chamber,

/gdecay)

- 24C,

p pu e
oo

(1)

Fig. 2. Scheme of mesoatomic. and mesomolecu-
lar processes and nuclear reactions between hydro-
gen isotopes, with i~ -mesons in a hydrogen-deuteri-
um mixtuie as causal factors,

prior to capture, The urgency of the problems referred to

- K -mesoatomic processes in hydrogen, as of recent years,

The most salient and interesting of these phenomena
may be termed the catalysis of y ~-mesons of nuclear reac-
tions between hydrogen isotopes, The possibility of such
a process had been predicted theoretically by the Soviet
scientists A. D. Sakharov and Ya. B. Zel'dovich [3], and
independently by F. Frank [4] in the West. The phenome-
non of muon catalysis was first detected experimentally
by L. Alvarez and co-workers [5] in 1957. One character-
istic trait of the process is that, in the presence of y -mesons,
nuclear reactions involving hydrogen isotopes may go
ahead in "cold" hydrogen while, for example in thermo-
nuclear reactors, plasma must be heated to millions of de-
grees to bring about fusion, The brief lifetime of the yu -
meson, as well as the fact that the meson has a certain
probability of forming a helium ;i -mesoatom in the p + d
and d + d reactions, render impossible the achievement of
a sustained nuclear chain reaction by means of |1 - mesons, !
Nevertheless, because of the fact that nuclear reactions ‘
brought about by i -mesons not infrequently take place
under conditions entirely distinct from those under which
they are observed in accelerator arrangements, the study
of 4 -meson catalysis may well furnish a source of new in-
formation on nuclear reactions at very low energies,

The heightened interest displayed by physicists in

is due in large measure to that peculiar part played by
these processes in the solution of one of the fundamental
problems in the contemporary physics of elementary par-
ticles — that of determining the value of the weak muon-
nucleon interaction constant from experiments on the cap-
ture of muons by protons:

Wdp—snitwv, (D)
In actual practice, this reaction proceeds in hydro-
gen from the pu-mesoarom state or the ppu-mesomolecule
state, It has been demonstrated theoretically [6-8] that
the probability of reaction (1) depends on the spin state of
the original system, As a result of the fact that the p-
meson has half-integral spin (Sp = §)# the ground level
of the py-mesoatorm is split into two sublevels belonging
to a hyperfine structure of total spins equal to zero and
unity. Similarly, the spin state of the mesomolecule ppy
may be represented as a mixture of singlet and triplet
states, This means that a correct interpretation of therate
of reaction (1) as measured in an experiment requires that
quantitative data be available on the probability of forma-
tion of ppu-mesomolecules, and that a solution be reached
to the problem of what spin state the pu-mesoatom is in

has stimulated the development of experitmnental research

at the Joint Institute on mesoatomic processes and on the: catalysis of nuclear reactions in hydrogen and deuterium,
as well as deeper probing into the theory underlying these phenomena.

* The fact that the spin of the y-meson is one-half was first established by investigations reported by A, E. Ignatenko
et al. [9], performed on the synchrocyclotron of the Nuclear Problems Laboratory at the Dubna Joint Institute,
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The article sheds light on the principal results amassed in the first stage of these investigations, as reported at
the July 1962 International Conference on the Physics of High-Energy Particles at Geneva [10, 11]. These investiga-
tions were completed in the 1960-1962 period by a team of Joint Institute workers including S. S. Gershtein, P, F,
Ermolov, Yu. V. Katyshev, E, A, Kushnirenko, V. I Moskalev, M. Friml, and the author of this article,

Our attention was concentrated on the study of the following phenomena: elastic scattering of pu-mesoatoms
on protons, the jumping of a y -meson from a proton to a deuteron, the formation of ppu-mesic molecules, p -catalysis
of (p + d)- and (d + d)-reactions, the probabilities of formation of the corresponding mesic molecules, and the
jumping of p -mesons from protons and deuterons to complex nuclei,

The existing theoretical development of the circle of phenomena discussed is presented in [8, 12-14], and opens
up rather broad vistas for comparison of experimental material and theoretically computed data., As the material is
presented in its full scope, the amount of harmony between experimental results and theory, as well as.the attendant
complications, will become evident, |

1, Experimental Procedure

The study of mesoatomic and mesomolecular processes in hydrogen is a relatively complicated job. This is
due, in the first instance, to the multiplicity of possible phenomena and the need to separate out each of these vari-
ants in some reliable manner, The second major difficulty is of a more basic nature. The trouble here is that some
of the processes (e.g., formation of mesomolecules) do not present a directly observable effect and the absolute proba-
bility of these processes may be determined either by some indirect approach or as a result of the observation of the
yields from the corresponding nuclear react‘ion_s.- We must take cognizance here of the fact that the energies of the
reacting particles are very low, and the ranges of the reaction products in condensed-phase material (liquid hydrogen)
are also very short, Several processes, e.g., diffusion of pu-mesic atoms, are in general impossible to observe direct-
ly when the hydrogen density is very high,

Analysis shows that most of these difficulties can be coped with successfully- when the processes are studied in
a gaseous medium. Our investigations therefore involved the use of a diffusion chamber filled with either hydrogen
or a mixture of hydrogen and deuterium. The use of ordinary industrial-grade deuterium could not be countenanced
in these experiments, since this 'grade always contains tritium in relatively large quantities (about 10™% at. fract.),and
the radioactivity of the tritium results in a complete deterioration of chamber sensitivity. It was mandatory, there-
fore, to fill the chamber with,spécially purified deuterium in which the tritium concentration was kept below 5+ 10714
at, fract, Special experiments were set upto determine the effectassociated with the robbing of p -mesons by the com-
plex nuclei of the ambient medium, i.e., the vapors of the chamber working fluid {oxygen, carbon). One contributor
to improved conditions for identifying events and enhancing chamber efficiency in revealing stopping of u -mesons
was the fact that the chamber was operated in a magnetic field of 7000-Oe intensity.

A diagram showing the layout of the apparatus at the exit of the meson beam from the synchrocyclotron is
shown in Fig. 1. Muons and pions of 260-MeV/ ¢ momentum, generated by 680- MeV protons from the synchrocyclo-
tron, were employed in the experiments. Since p -mesons form mesic atoms and mesic molecules under conditions
where their speed is close to the speed of the orbital electrons belonging to the atoms, the y -mesons are slowed down
directly prior to their energy into the chamber in a filter installed near the chamber wall, to such a low speed that,
on entering the chamber, they are brought to rest in the gas filling the chamber, The filter thickness is made such
that the 7 -mesons present in the beam will be fully absorbed and fail to gain entry into the diffusion chamber,

Under usual operating conditions, one stoppage of a ju -meson was observed in every three to five stereophoto-
graphic shots of the chamber sensitive volume. Two hundred thousand stereophotographic shots were taken, They
were processed with the aid of a projector and measuring microscope,

2, Scattering Cross Sections: pp-Mesoatoms on Protons

The multiplicity of processes brought about by p-mesons in a hydrogen—deuterium mixture may be illustrated
graphically by the layout presented in Fig. 2. The initial system (low deuterium concentration in the hydrogen) for
the subsequent processes was the py -mesic atom existing in the 1S-state and moving at thermal speed. At all stages
along the chain of mesoatom transformations listed in the scheme, muon decay acted as a competing process: p -
—e” + U + U, proceeding at a rate Ag = 0,45 * 10° sec™ (denoted by the broken line).

One of the simplest processes occurring in hydrogen with the participation of pu -mesoatoms is scattering of the
latter on protons, This scattering may be either elastic or inelastic. The latter case results in a transition of the pyu-

24

Declassified and Approved For Release 2013/09/25 : CIA-RDP10-02196R000600100001-7




Fig. 3. Formation of pu~-mesoatorns in gaseous hydro-
gen. Theslow y ~-meson formed, at the point where it was
brought torest, a py -mesic atom, which traversed by dif -
fusion a path of about1 mm (the gap from the end of the u™-
meson track and the beginning of the electron track). At
the end of the diffusion path, the ¢~ -meson jumped from
the proton to a complex impurity atom, and decayed. A
"point” (Auger electron) is clearly visible at the start of
the decay-electron track,

mesic atom from the energetically higher triplet state to the singlet state.* The spin realignment, according to
S. S. Gershtein's calculations [15], is necessarily a rapid process proceeding to completion in 5 - 10 "0 sec at the
density of liquid hydrogen. One of the consequences of this spin realignment must be the rapid depolarization of
muons which had been longitudinally polarized as a result of decay.

Experiments on the measurement of muon depolarization in liquid hydrogen, carried out with- the synchrocy-
clotron in our laboratory [16], apparently serve to confirm this inference. We note that depelarization is determined,
in this experiments, on the basis of measurements of the asymmetry in the angular distribution of electrons from mu-
on decay, by the method of the precession of the spin in a magnetic field.

Another possible effect due to spin realignment should be, again as demonstrated theoretically by S, S, Gersh-
tein, the fact that the elastic scattering cross section for scattering on protons of mesic atoms in the singlet state
(o OPH +P) turn out roughly two orders of magnitude smaller than the-cross sections in the triplet state, This circum-
stance, in principle, opens the way for the solution of one of the most crucial and pressing problems outstanding in
the area of muon-proton interactions, that of determinmg from experiment the spin state of the pu-mesoatom from

which the capture of the u-meson by the proton took place.

In order to study elastic scattering, we availed ourselves of the same principle which underlies the measurement
of the thermal neutron scattering cross section, namely measuring the diffusion length in hydrogen of the pu-meso-
atom over a finite time interval, Since the formation of mesic molecules may be neglected at low hydrogen densi-
ties, the diffusion time is determined principally in terms of the probability of free muon decay and the probability
of the muon jumping to complex nuclei, Since the pu-mesic atom fails to produce any ionizing effect in its motion,
the diffusion process of the pu-mesic atom must be observed, in diffusion chamber photographs, as a displacement of
the origin of the track of the decay electron relative to the end of the track of the stopped p-meson (as a discontinuity
or gap between the end of one track and the beginning of the other). Actually, in the course of the first experiment,
with the hydrogen pressure in the chamber placed at about 20 atm, such displacements were successfully observed
in dimensions of from the half-width of a p-meson track (0.25 mm) to 1.5 mm. An example of this case is shown in
Fig. 3. Further experiments were carried out both at high hydrogen pressure (23 atm) and at low hydrogen pressure
(5 atm). The concentration of complex nuclei was varied in several experiments, It was found, however, that the
extent, and, consequently, also the frequency of appearance, of the visible displacements is mainly a function of the
hydrogen density, One clear illustration of this is the following fact, At a hydrogen pressure of 23 atm, of 320
(1 — e)-decays in 49 cases (i.e,, in 15% of the cases) gaps whose dimensions exceeded 0,5 mm were observed, while
the number of such gaps amounted to 50% at 5 atm hydrogen pressure, even though the concentration of complex
nuclei in the second experiment was almost triple that in the first experiment, The elastic scattering cross section
for pp + p = pu + p was found from the expression

1,1v

Omvtr = S ey
Pty N (A A2C)

@)
where v is the mean velocity of the relative motion of pu and Hy (¥ = 2.7 * 10° cm/ sec); 12 is the root mean square of
the gaps computed from the distribution of the number of events over the gap lengths; N is the number of protons per
cubic centimeter; Ay + A%Cy is the sum of the rates of free muon decay and jumping to carbon and oxygen nuclei at

*The energy of the hyperfine structure triplet level in the pu-mesic atom, with total spin F = 1 is 0.2 eV higher than
the energy of the singlet state with F = 0. The reverse transition (from singlet to triplet) is impossible then, on accoumt
of the low value of the energy of the mesoatom's motion compared to the energy difference in theF =0andF=11levels.
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a concentration C, determined in subsequent experiments (cf, section 5). The expression (2) takes cognizance of the
fact that, in real hydrogen, scattering occurs not on free protons, but on H, molecules, The value of the cross section
Opy + p» determined with the aid of expression (2) on the basis of experimental data for F2, A%, and C,, was found to
be (L.724:4) - 107 ecm®. A comparison reveals that this value is roughly 20 times greater than that predicted by
theory for the value of the scattéring cross section of mesic atoms in the singlet state, which is O%u +p% 1072 cm?
[17). This fact greatly complicates the situation and offers no direct proof (as might be anticipated on the basis of
muon depolarization data for liquid hydrogen) of the existence of fast transitions of pu-mesoatoms from the F=1
state to the F = 0 state, Two avenues are open in interpreting the large value of the (pu + p)-scattering cross section:
either the F =1 — F = 0 transitions actually proceed at a slower pace and then scautering in the triplet state (which,
as noted above, is considerable) introduces its contribution to the globally measured cross section, or else the true
parameters of the mesomolecular potentials determining the principal characteristics of the processes occurring in
the pu + p system will differ from those assumed in the theoretical treatment. In our later discussion, with the aim
of achieving a correct grasp of the experimental facts and drawing a more definite conclusion on the true rapidity of
the transitions occurring in the pu-mesic atom between the hyperfine structure states (determining the spin state of
the pu-mesoatom), we will have to make a detailed analysis, based on,a large volume of statistical data, of the dis-
wibution pattern over the lengths of the ranges (gaps) of pu-mesoatoms in order to explain the possible existence in
these mesic atoms of two components with large and small values of T corresponding to scattering in the singlet and
triplet states, on the one hand; on the other hand, we will have to carry out a combined theoretical analysis of the
most fundamental processes pertaining to the pp + p system, such as scattering, depolarization of g-mesons, forma-
tion of ppu-mesic molecules, etc., and we will have to find the parameters of the i -mesomolecular potentials satis-
fying these processes, The investigations of this problem at the Dubna Joint Institute for Nuclear Research progressed
in both the directions outlined. ' ’

3, Probability of Jumping of a p-Meson from a Proton to a Deuteron, and
Formation of ppy-Mesomolecules '

When a slight deuterium admixture is present in hydrogen, the diffusing pu-mesoatom mmay pass close by a
deuteron. Owing to the fact that the K-level of the du-mesoatom is situated 135 eV below the K-level of the pu-
mesoatom, jumping of the p-meson from the proton to the deuterium,

pr+d-—dptp, (3)

is highly favored. The difference in the binding energies of the y-meson on the K-shells of the corresponding meso-
atoms in process (3) goes over into the kinetic energy of the relative motion of the nuclei exchanging the p-meson.
The probability of process (3) is proportional to the concentration of deuterium but, as shown by theory, even at a
deuterium concentration of roughly 1% in hydrogen, the probability of this process begins to dominate over all other
rivals in this system of processes, It is evident from Fig, 2 that the du system is the initial system for the formation
of ddu- and pdp-mesic molecules in which nuclear fusion is later realized, It is therefore obvious that an experi-
mental determination of the absolute probability of process (3) (the rate value which we designate by the symbol A 4)
is of first-ranking significance. '

If we remember that, as a result of the wansition (3), the du-mesic atom acquires a relatively high energy
(about 45 eV) and may range over a path of roughly 1 mm in liquid hydrogen, then the attempt to find the value of
A ¢ from liquid-hydrogen experiments with very slight deuterium admixtures will appear to be not at all hopeless,
However, the path turns out to be a closed one. This is chiefly due to the fact that process (3) suffers competition in
liquid hydrogen by the relatively intense process of formation of ppy-mesic molecules;

pa-+-H (hydrogen-atom) — ppu-e . (4)=*»
It is precisely the mutual superposition of these processes which thwarts a direct experimental determination, in liquid
hydrogen, of the absolute probability of process (3) from the number of observed events featuring such gaps. The use
of a diffusion chamber offers tremendous advantages in such experiments, since the lower density of hydrogen renders

*L. Alvarez et al, [5], in liquid hydrogen bubble chamber experiments involving slight natural impurities of deuterium
(1 deuteron per 10,000 hydrogen atoms), observed gaps of precisely this dimension,

* * In process (4), the binding energy of mesic molecules (approximately 100 eV) is imparted to the electron of the

. hydrogen atom as a result of an electric dipole transition. In the ppy system, the catalysis reaction is extremely im- -
probablie under ordinary conditions [12].
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the formation of ppu-molecules far less likely, and the
gaps of interest to us, due to the range of du-mesic atoms,
acquire dimensions tens of times larger than the dimen-
sions of those due to diffusion of pu-mesic atoms. We set
up an experimment at 23 atm hydrogen pressure and the
optimurm deuterium concentration of 0,.44% arrived at in
special experiments, In that experiment, about 800 events
were found, of which about half were conventional (u —e)-
decay events, and the remaining showed apparent gaps
stretching from the end of the track of the muon brought
to rest to the beginning of the electron track, reaching 17
mm,* Two examples of such events are shown in Fig, 4,
The observation of large-gap events has made it possible
to reliably determine the probability of a muon jumping
from a proton to a deuteron. Under the conditions prevail-
ing in our experiments, the value found was Ay = (1.52‘3;3)
- 10% sec™ . On this basis, we obtain the value A4

= (12304 - 108 sec™ * ¢ for the probability of the transi-
tion (3) reduced to the density of liquid hydrogen, and the
deuterium concentration Cq = 1. This value is in excellent
accord with theoretical values computed and reported in
[18, 14], equal to 1.3 * 10%% sec™. It has already been
noted that the transition process pu + d = du + p is charac-
terized by the highest probability among all the meso-
atomic processes occurring in hydrogen and deuterium, Its
cross section, computed on the basis of the known value of
the rate Mg, is 04 = (4.2 * 1.2) » 107*® cm? at the tempera-
ture of liquid hydrogen.

T WSO PR

S

Fig. 4. Formation of du-mesoatoms in gaseous hydro-
gen with deuterium impurity. Large gaps (8 - 10 mm)
from the end of the u™-meson track to the beginning
of the decay-electron track are due to the range of
the du-mesoatom, formed as a result of the transition
pu + d—du + p. A point (Auger electron) is seen at
the beginning of the decay-electron track, in case b,

A knowledge of the absolute value of the rate Ay,
which, as we have indicated, plays an important part in p -
catalytic phenomena, is particularly valuable for the pre-
cise reason that the road is opened up for the determina-
tion of another important quantity, the probability of forma-
tion of the mesic molecule ppy in liquid hydrogen, This
last probability is very important to have on hand in order
to determine the relative fraction of muons experiencing
nuclear capture by a proton [process (1)] from the mesomolecule state. Let )‘ppu' for purposes of determination,
consist in the use of the ratio (A o +X PP“)/Xd, the value of which has been determined and reported in several papers
[5. 19, 20] in studying the yield of the du + p - He®p + y reaction in liquid hydrogen. According to these papers,the
most accurate measurements are those carried out most recently by L. Lederman's group [20], a value of (1.06 * 0,11)
107, The value which we found for A 4 leads, under these conditions, to the >‘pprd value of (0.8.*3:%) +108sec”), It
must be stressed that the values we determined for rates A g and )‘PPH were confirmed in that paper [20], where the
work was carried out with much the same precision and accuracy, but by use of a completely different procedure
(measurement of the time dependence of the y -quantum yield from the du + p — He% + y reaction at different deu-
terium concentrations, and using electronic techniques). Both our data and the data reported in [20] are in perfectly
satisfactory agreement with the theoretical values of these process rates, as computed by Ya. B. Zel'dovich and S, S,
Gershtein,

Armed with these experimental data, we are now in a position to state that, at the density of liquid hydrogen,

*Under the prevailing experimental conditions, the py -mesic atoms display ranges from 0.25 mm to a maximum of
1.5 mm (cf, section 2),

¢ *This means that the y-meson jumps from the proton to the deuteron in a time 1/kg~0.8" 1071 sec under condi-
tions where the number of hydrogen nuclei and deuterium nuclei are equal, and Cqg=1.
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only about 30% of the y -mesons {35% according to our data, and 25% according to the data reported in [20]) decays
or is captured from the pp-mesoatom orbit, while the remaining fraction is captured from the ppy-system,

4. p-Meson Catalysis of the Nuclear Reactions d + d and p+d

\

Because of the high probability of the -meson jumping from a proton to a deuteron, almost all the y -mesons
succeed in making the transition to the deuterons even when the concentration of deuterium in the hydrogen is very
low. In the same manner, in turn, as pyu-mesic atoms approaching close to hydrogen atoms form the mesic molecule
ppi, du-mesic atoms, as a result of the same mechanism, may succeed in forming pdu-mesic molecules, and even
ddy-mesic molecules, when the deuterium concentration is high, In these systems the nuclei of the deuterium atoms
or deuterium and hydrogen atoms approach to a distance on the order of the mesoatomic radius (~1071 cm), with the
result that the width of the Coulomb barriernarrows downto a width far smaller than that found in conventional mole-
cules, where the distance separating the nuclei of the atoms is ~107% cm. Since the tunneling coefficient of the par-
ticles is strongly dependent on the width of the Coulomb barrier, the nuclear fusion reacrion takes place at an appre-
ciably high probability in mesic molecules. This is precisely the gist of the catalytic action of negative muons in
fusion reactions involving light nuclei, which usually take place only when high energies (e.g. in thermonuclear re-
actions) are imparted to the participating particles,

Catalysis of the d + d Reaction. As is evident from Fig, 2, the ddu-mesic molecule may participate in two
types of nuclear reactions. In reactions qf the first type, the u-meson is either liberated or proves to be bound in a
neutral system with a proton or triton, and may bring about a nuclear reaction again sometime in the future, A typi-
cal feature of the reactions of the second type is the bond linking the y-meson to the helium nucleus. This type of
mesic atom is no longer electrically neutral, and is incapable of approaching to within a close distance of other nu-
clei and surrendering its p-meson, or of causing a niew nuclear fusion reaction. The p-meson caught in the He? orbit
will either decay or, as has been demonstrated in experiments on muon capture in pure He® carried out in our labora-
tory by B. Pontecorvo, R, M. Sulyaev et al, [21], has a very low probability of being absorbed by the He® nucleus (as
a result of weak interaction) with the formation of H® and a neutrino, * The capture of muons, resulting in the formation
of p-mesic atoms of helium, constitutes one of the principal hindrances to the realization of a sustained nuclear chain
reaction between hydrogen isotopes by means of j1-meson catalysis. The most probable reactions in the ddu-mesic
molecule are, according to theory, the first two reactions, so that the y-meson proves to be free, The other three re-
actions account for 2% of the events.

Only the first reaction,

ddw —sH?* = p -7, : (5)

has been studied to date in our experiments.

The principal task before us is the determination of the probability -of formation of ddu-mesic molecules (the
reaction rate deu). An experiment was carried out at a deuterium pressure of about 16 atm. Of 10,000 stoppages
of p-mesons, 27 cases of the reaction (5) were recorded, This reaction was easily identified from the range of the
proton or triton and from the presence of a decay-electron at the point where the triton-proton particle emerges, A
typical photograph showing such an event is seen in Fig. 5. Since, according to theoretical estimates, the probability
of the nuclear reaction in the ddu-mesic molecule exceeds by several orders of magnitude the probability of muon
decay, the nuclear reaction will take place in all the ddu-mesic molecules formed., This is the set of circumstances
which enabled us to determine the rate A 4q,, of interest from the observed yield of reaction (5)., In so doing, we al-
lowed for the fact that the probability of the reaction ddy —~ He® + n + i~ is equal to the probability of reaction (5).

The rate X g4, so calculated, reduced to liquid-deuterium density, is found to be
hagp = (0,44 L 0,14)-10% sec 71,

There are no other experimental data currently available in the literature on the value of the rate Nddy - ex-
cept for the estimateX 4qy > 0,1+ 10% sec™ obtained from liquid-deuterium bubble-chamber experiments [22].

If we compare the value we found from experiment for the probability of formation of ddu-mesic molecules
and the theoretically computed counterparts, then we find that A ddﬁ is approximately one order of magnitude greater

*According to experimental evidence [21], the probability of nuclear capture of the u -meson by the He® nucleus is
(141 £ 0,14) - 103 sec™?,
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Fig, 5. p~-Catalyzed fusion of two deuterium nuclei,
When a dp-mesic atom collides with a deuteron, a
ddp-mesic molecule is formed, with an ensuing nu-
clear fusion reaction ddy — T + p + ¢~. Almost all of
the energy of the reaction (~4 MeV) is carried off by
the tritium nucleus and the proton, flying off in op-
posite directions, Such a low energy is imparted to
the 1~ -meson in the process (several kiloelectron-
volts, i.e., of the order of the binding energy of the
mesic atom) that the particle cannot travel any appre-
ciable distance from the point where the reaction took
place, and decays with the emission of a fast electron,

Fig, 6. Fusion reaction inveolving a proton and a deuter-
on; reaction catalyzed by a 4™ -meson. After being
brought to rest, the g~ -meson formed the mesic atom
pu, and later a mesic atom dyu. In the encounter be-
tween the du-mesic atom and a proton, the pdy-mesic
molecule was formed, leading to the nuclear fusion re-
action pdu— He® + u~, 5,5-MeV energy were liberated
in the reaction; most of this energy (~5.3 MeV) was car-
ried off by the ™ -meson, so that the latter was re-
ejected. The gap stretching between the ™ -meson
tracks corresponds to the range of the neutral mesic
atomdy, The point at the start of thetrack traveled by
the ejected”-meson is a track leftby the He® nucleus
which took a slight recoil (~0,2 MeV) in the reaction.

than Afil}lu [12, 14]). It is worthwhile to point out, how-
ever, that the latter value was computed with no cog-
nizance taken of the existence in the ddy-mesic mole-
cule of a rotational level K = 1 and binding energy close
to zero [12]. It is possible that the presence of such a
level will result in resonance effects accompanying the
formation of the ddu-mesic molecules, as well as an in-
crease in the probability of the nuclear reaction in flight.

In future catalysis-reaction experiments in deuteri-
um, the most interesting point to uncover will be whether
the rate of the reaction ddu — He® + n + p~ actually dif-
fers little from the rate of reaction (5) which we studied,
as well as the determination of the sticking probability
of muons to helinum nuclei,

Catalysis of the p + d Reaction, The catalysis of
(p + d)-reactions is, at the present time, a relatively
well-investigated process, when compared to the other
mesoatomic phenomena, It has been established [5, 23]
that two reactions proceeding in the mesic molecules
pdy are (cf, Fig. 2)

pdp—=He*u 5y (6)
and

pdp —- He? -1-u™. N

The probability of a gamma quantum being emitted here
is approximately 15 times greater than the probability of
conversion of a u-meson. On being liberated in reaction
(1), the p-meson carries off 5.3-MeV energy, i.e., almost
all the energy of the reaction. The yield of nuclear re-
actions (6) and (7) is determined by the probabilities of
the processes: the probability Apg,, of the formation of
the pdu-mesic molecule, and the probability of a nuclear
reaction occurring in that mesic molecule,

Since the probability of the mesic molecules form-
ing is proportional to the density of the hydrogen, while
the speed of the nuclear reaction in the mesic molecule
is independent of density, a comparison of the yields,
e.g., of reaction (7), at different hydrogen densities, af-
fords us an idea of the value of A du- With this in mind,
we set up an experiment to determine the yield of reac-
tion (7) at a hydrogen pressure of about 20 atm under
conditions of almost complete saturation of process (3)
(Cq =~ 5%). Of 12,000 muons stopped, only five eventsof
reaction (7) were detected, so identified by measuring
the momentum of the converted p-meson,

Figure 6 presents a photograph of one such event,
Resuits reported in [19], obtained in liquid-hydrogen bub-
ble-chamber experiments, were used to determine the
value of A-pdy, along with our own experimental data, It
was found that, at the density of liquid hydrogen,

( 0,6 5 -
}\'p{ll.t - (O>5 ﬂ'_().;‘] . 1()' sec ]_
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Recently, in experiments completed by two teams of American physicists {one of the teams [20] using a target
with liquid hydrogen and a slight admixture of deuterium measured the distribution in time of gamma photons from
reaction (6), while the other group [22] used a liquid-hydrogen bubble chamber with a high deuterium concentration
- to determine the muon yield from reaction (7)}, values for the probability A pqy which differed by several times were
obtained, and were far in excess of the values we found. At the present time, it is difficult to account for such a con-
siderable discrepancy in the results. The problem calls for further study at several angles, There are grounds for sup-
posing that the reason lies in inaccurate interpretation of data directly obtained from experiments performed under
greatly disparate conditions, It may turn out that there exists some nonuivial density effect which has so far escaped
scrutiny, and which affects the determination of the probability of formation of pdu-mesic molecules in experiments
involving gaseous and liquid hydrogen and deuterium, On the other hand, an interpretation of the time distribution of
gamma photons from reaction (6), from which the authors of [20] determine the probability )‘pdu and the time of the
nuclear reaction in the pdu-mesic molecule, may prove to be ambiguous because of the existence of several nuclear
reaction times in various spin states of the mesic molecule [24],

We see, accordingly, that the protons and deuterons are bound by y-mesons into the mesic molecules ppy, pdy,
and ddy, with a probability comparable to the probability of muon decay, The relatively low probability of forma-
tion of mesic molecules, compared to the probability of process (8), is related to the mechanism, referred to above,
operating in the formation of the mesic molecules which has, as its result, the transmission of the excess energy to a
third particle, the atomic electron. In the transition process pu + d > dp + p, the energy is distributed between the
heavy particles, and the rate of this transition is therefore four orders of magnitude [(~1/ 0% ~ (137 greater.

It must be noted that, in tritium-enriched hydrogen and deuterium, we may encounter formation of the mesic
molecules pTp, dTe, and TTy, and catalysis of the corresponding nuclear fusion reactions by the mesic molecules
formed. These processes are imperfectly studied at the present time, with meager experimental information available.

5. Jumping of Muons from Protons and Deuterons to Complex Nuclei

Probability of the Transitions AP and A, If nuclei of charge greater than two are present in hydrogen, then the
effective process at work will be the irreversible transition of muons from the hydrogen or deuterium orbit to the meso-
atomic orbits of these nuclei, Since there is always some oxygen and carbon impurity present in the hydrogen and
deuterium used in diffusion-chamber experiments, in proportions of approximately one impurity atom per 500 hydro-
gen atoms, we must have some knowledge of the probability of a muon jumping to the nuclei mentioned, This value
was determined for each experiment by comparing the number of stars produced by nuclear capture of a muon by oxy-
gen and carbon in the particular experiment to the number of such muon-produced stars in a specially setup experi-
ment where the transition of muons to those nuclei was close to 100%, The experiments showed that the probabilities
of muon transition from protons or deuterons to carbon nuclei or oxygen nuclei are relatively large, We found that,
within the limits of experimental error, these probabilities are the same for the nuclei of both elements, in the neigh-
borhood of 1.5 » 101 sec™, i.e., )\IZ)' ~ 1,5+ 10" sec™, If we take into account the results of recently completed
experiments on the observation of jumping of muons from protons and deuterons to Ne?® nuclei, with the resultingrate
A Ne ™ 101 sec™?, it will apparently become possible to draw an inference of even more sweeping generality, viz.,
that the probabilities of muons jumping from hydrogen to light nuclei vary, but not drastically, from nucleus to nu-
cleus, Experimental A, values are found tc be in satisfactory accord with theoretical data [25].

Auger Electrons, A theoretical paper has shown [25] that the high probability of a muon jumping from a proton
to nuclei of Z > 2 is due to the intersection of mesomolecular terms in the pZy system.* A detailed discussion of the
term diagram shows that the muon jumps most commonly to the mesoatomic levels of the carbon and oxygen nuclei
with principal quantum numbers n = 4 and n = 5, respectively. The upshot is that succeeding cascade transitions of
the mesic atoms to the ground state, at a transition rate' close to 100%, must be accompanied by the escape of one or ‘
several Auger electrons carrying away several kiloelectron-volts energy. |

Our experiments support this theoretical inference, and are in agreement with the proposed transition mecha-
nism. Actually, in experiments using "pure” hydrogen, as well as in experiments using hydrogen with some deuterium
impurity, in about 60% of the (u — e)-decay events where the starting point of the decay-electron track is separated
by a gap from the end of the muon track, a rather conspicuous "point,” i.e., a clustering of droplets 0,3 to 0.6 mm

* This mechanism accounts, in particular, for the low value of the experimentally observed cross section for jumping
of muons to helium nuclei [26, 19]; there is no intersection of terms in helium mesic atoms,
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across, is observable at the start of the electron track (cf, Fig. 3, Fig. 4b), These are the tracks of the low-energy
Auger electrons, The frequency with which they appear and their associated energy (an idea of which may be de-
rived from the size of the tracks left behind) correspond to.the values anticipated theoretically.,

It is worthy of note that another explanation for these points, interpreting them as tracks of protons obtained in
the jumping of muons directly from hydrogen to the 1S state of the oxygen [or carbon mesic atom and carrying off
the entire energy associated with the transition (pg + O = Ou + p)] has not been substantiated. Two reasons are ad-
vanced in explanation: first, theoretical estimates predict a very low rate for the transition of a p-meson direcily in-
to the 1S state of the mesic atom of a complex nuclei nucleus; secondly, in the transition these protons would receive
an energy of about 100 keV, and would leave tracks of length about 1.5 mm under a chamber pressure of 5 atm. We
did observe points whose maximum dimensions fail to exceed 0.5 to 0,6 mimn,

Summary . o
While the problem of hydrogen p-mesic atoms was first probed into theoretically as far back as about 15 years
ago, the intensification of experimental research on this topic does not date back past the recent half-decade, for
practical purposes, At the same time, we find this to be one of the most vigorously developing new fields in muon
physics in the recent period, One brilliant piece of evidence in support of this view is, for instance, the fact that
while only two or three experimental papers, including the well-known paper by L. Alvarez and colleagues reporting
" the detection of p-catalysis, were available in the literature at the start of our experiments on hydrogen mesic atoms
at the Dubna synchrocyclotron facilities, at the present time research on various aspects of this very problem is under
way at virtually all the large synchrocyclotrons throughout the world. It may be seen that, as a result of those experi-
ments performed at Dubna, the principal characteristics of the most important mesoatomic processes occurring in hy-
drogen and deuterium have been determined quantitatively; a number of phenomena are being studied first (e.g.,
scattering of pu-mesoatoms on protons). The values found for the probabilities of a y-meson jumping to deuterium,
of formation of the mesic molecule ppy, and jumping to complex nuclei, are in excellent accord with calculations,
and provide confirmation of the correctness of the mechanisms invoked in theoretical treatments to explain the proc-
esses, Disagreement has cropped up in some instances betweern empirical results and data derived from theoretical
analysis (the larger experimental value of A 4;,), and the results of measurements performed in different laboratories
have been at variance in some cases, This is entirely to be expected in the study of new phenomena, However,there
is every reason for assuming that the further development of experiment and theory will make it possible to overcome
these difficulties, to probe still deeper into the secrets of the world of mesic atoms, and to reveal new characteristic
properties and regularities in this peculiar state of matter,
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LONGITUDINALLY POLARIZED PROTON BEAM
IN THE SIX-METER SYNCHROCYCLOTRON

M. G. Meshcheryakov, Yu., P. Kumekin, S. B, Nurushev,
and G. D. Stoletov '

Translated from Atomnaya ﬁnergiya, Vol. 14, No. 1,
pp. 38-40, January, 1963 :
Original-article submitted October 16, 1962

Quantitative investigations of the spin dependence of the nuclear interaction at high energies are connected
with the performance of experiments on the scattering of protons on protons and neutrons in high-power accelerators,
The data thus obtained can be complete only if longitudinally polarized proton beams are used in experiments along
with unpolarized and transversely polarized bearns [1],

The program of complete experiments on the scattering of protons on protons, which is carried out by means of
the six-meter synchrocyclotron of the Joint Institute of Nuclear Studies, includes experiments with the use of longi-
mdinally polarized proton beams, The present article describes an experiment where a longitudinally polarized beam
of protons with an energy of 612 MeV was obtained, and it also provides an analysis of its characteristic. The outline
of the experiment was proposed by S. B, Nurushev in 1959 [2]. In contrast to the well-known methods for producing
longitudinally polarized proton beams at lower energies [3,4], the polarizing scattering in our experiment took place
in the vertical plane outside the synchrocyclotron chamber. This made it possible to obtain a longitudinally polarized
beam in the horizontal plane, while the polarization vector could be directed parallel as well as antlparallel to the
proton pulse in the beam.

The experimental layout is shown in the figure, The unpolanzed proton beam that was brought out of cham-
ber 1 of the synchrocyclotron was deflected upward at the angle ¥ =2°. The magnetic field's horizontal component
that was necessary for this deflection was provided at the beginning of the extracted beam's channel in the region of
the accelerator's scattered magnetic field by means of special magnetic adapters 2, A detailed calculation of the
dimensions of the adapters and the determination of their optimum position relative to the synchrocyclotron magnet
are given in [2], After collimation (collimator 3) and focusing by means of quadrupole lenses 4, the slightly upward
deflected primary beam entered the horizontal magnetic field of magnet 5, where the beam was deflected downward
through an angle of 8° in the vertical plane. The graphite diffuser 6, which served as the polarizer, was mounted at
the place where the beam intersected the median plane of the accelerator. The collimator 8 separated protons which
were scattered at the angle 6 = 6°, whose wrajectories were in the horizontal plane. The scattering angle could be
changed by varying the deflection angles of the primary beam, which made it possible to regulate the degree of po-

larization of the secondary beam, The 8 = 6° value corresponds to the maximum of the product d—-(G)PI(G) where
do
——(9) is the differential cross section of the elastic scattering of protons on carbon nuclei, while Py(8) is the polariza-

tion in this process {5]. Thus, the optimum conditions for the performance of expenments on triple proton scattering
were secured,

Secondary protons whose polarization vector had the direction of the normal to the scattering plane entered the
vertical magnetic field of magnet 9 after leaving collimator 8. In order to intensity the magnetic field, magnet 9
was provided with additional adapters, which also secured partial focusing of the beam. Due to the presence of the
anomalous magnetic moment in the protons, the proton spin will precess in such a magnetic field with a velocity dif-
ferent from the velocity of changes in the direction of the proton pulse vector, In this, the precession angle x rela-
tive to the direction of the pulse vector is related to the beam's deﬂecuon angle ¢ in the magnetic field by the ex-
pression
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. Experimental layout for producing _1ongitudina11)} polarized beams of protons with an energy of 612
+ 9 MeV, a) Plan view; b) side view,

where yp is the proton magnetic moment in nuclear magnetons, and B is the proton velocity in units of the velocity
of light, : - : . . :

As a result of precession, there appears the longitudinal polarization component Plong = P1 sinx. Forx = 90°,
the beam will have only the longitudinal polarization component, The given relationships make it possible to choose
such a deflection angle ¢ as to obtain a completely longitudinally polarized beam for an initial energy of the primary
beain equal to 660 MeV.

- The longirudinally polarized beam obtained as a result of deflection through the angle ¢ = 30° was focused by
means of quadrupole lenses 10 and was directed to the recording devices 16 and 17 through collimator 12. Ionization
chambers 7 and 13 served as monitors of the primary unpolarized beam and of the longitudinally polarized beam. For
the geometry shown in the figure, the polarization vector of the obtained beam was directed in opposition to the pro-
ton pulse. If the angle of primary deflection is made to be ¥ = —2°, and the unpolarized beam is then deflected up-
ward through an angle of 8° in magnet 5, the direction of longitudinal polarization will be reversed, In practice,
such an operation can be completed in 15-20 min, The flux density secured in the beam was equal to 2 -+ 10°® protons

per cm? - sec.

The energy of the longitudinally polarized beam was determined by measuring the proton ranges in copper (de-
vices 14 and 15); it was equal 0 Ejgpg = 612 + 9 MeV. This value is in agreement with the primary-beam energy
Eq = 663 + T MeV, which was measured by using the same method and allowing for the energy loss in the carbon po-
larizer, which had a thickness of 23 g/ cm’. The energy Elong = 612 £ 9 MeV, and the deflection angle ¢ = 30°, cor-
respond to the precession angle x = 89 # 2,5°, In this, the qegtee P1ong of longitudinal polarization is virtually equal
to the degree P; of polarization that occurs in the scattering of the primary beam in polarizer 6. The-P; value was
measured in a separate experiment, where the primary deviation of the beam and the scattering in polarizer 6 were
effected in the horizontal plane, while all.the other geometric conditions remained unchanged, The value Py = 0,43
+ 0,03 which we obtained was in agreement with data from [5]. '

By analyzing secondary p + p-scattering by means of polarimeters 16 and 17, which consisted of polyethylene
diffusers and combined scintillation counters, it was found that the vertical and horizontal transverse polarization
components were absent in the longitudinally polarized beam. This was indicated by the fact that, within the 1imits
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of the measurement accuracy, which was £0,02 with respect to absolute magnitude, no asymmetry in the distribu-
tion of protons repeatedly scattered at an angle of 21° was observed either in the horizontal or in the vertical planes,

The determination of the spatial position of the trajectories of the primary and secondary beams, and the
choice of the best focusing conditions were performed with respect to self-recordings of transverse beam cross sections
along the entire channel and by measuring the beam intensities, At the location of polarizer 6, the beam cross sec-
tion had a circular shape with a diameter of 30 mm,

The density distribution of the proton flux in the longitudinally polarized beam between polarimeters 16 and
17 was investigated by means of a special device, which consisted of two scintillation counters and an EPP-09 auto-
matic electronic potentiometer, The scintillators had the shape of small cylinders with a diameter of 3 mm and a
length of 50 mm, and they were placed vertically and horizontally in the plane perpendicular to the direction of the
beam. The counters could be moved, one in the horizontal direction, and the other in the vertical direction. The
photomnultiplier current for each counter was recorded on the strip chart of the EPP-09 potentiometer in dependence
on the counter position with respect to the beam axis, The horizontal and vertical scales were printed simultaneous-
ly. The curves thus obtained indicated that no significant asymmetry in the density distribution of protons in the
beam was present,

It should be noted that, simultaneously with the longitudinally polarized proton beam, the polarized beam of
neutrons which were generated as a result of the exchange interaction of protons in the carbon polarizer emerged
from the adjacent collimator 11, For neutrons emitted with an energy of 810 MeV, the precession angle xn in the
magnetic field of magnet 9 was approximately 95°,

The authors hereby extend their thanks to L. P, Moskaleva for her help in measuring the intensity of the longi-
tudinally polarized proton beam,
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ON THE THEORY OF ROTATIONAL SPECTRA*

A, Bohr, Institute for Theoretical Physics, University of Copenhagen, Copenhagen, Denmark
and B. R, Mottelson, NORDITA, Copenhagen, Denmatk

Translated from Atomnaya Energiya, Vol. 14, No. 1,

pp. 41-44, January, 1963

Original article submitted September 13, 1962

It is a great pleasure to contnbute to this issue of "Atomic Energy” commemoratmg the scientific achlevements
of the late Igor Vasilievitch Kurchatov. We would also like to take the opportunity to pay a special tribute to Acad-
emician Kurchatov's contributions to international scientific cooperation, which have meant so much for the fruitful
collaboration between members of our Institutes and physicists of the Institute for Atomic Energy in Moscow.

In the course of the last few years, a large body of empirical data on nuclear rotational spectra has been ac-
cumulated, as a result of great ingenuity and refinement in the experimental techniques.*®

The rotational description implies, as a first approximation, a number of simple relations between the states
in a given rotational band. Thus the energies vary as I(T + 1) (for K = 1/2),. and the transition intensities are propor-
tional to the square of a vector addition coefficient.** It is found that these relations are usually rather well satisfied,
often with an accuracy of the order of one percent.

The great accuracy of the experimental data, moreover, has permitted a quantitative study of the deviations
from the simple rotational rules, in a number of cases. For the interpretation of these data, one needs a systematic
scheme for enumerating the various correction terms implied by the rotational description. Such a scheme may be
based on a series expansion of the different matrix elements, as powers of the total angular momentum. The simple
rotational rules appear as the leading order terms in such an expansion. In thev"rengioris wherte the rotational descrip-
tion is most applicable, the series converges rapidly, and thus one obtains an accurate descﬁption in terms of a few
parameters. These parameters depend on the detailed structure of the rotating systems, but it is often possible on the
basis of simple models to estimate their relative orders of magnitude.

The details of the derivations and the more systematic enumeration of terms will be discussed in a forthcoming
publication; in the present note we shall confine ourselves to a few examples that seem to be of particular interest
in the analysis of the present data.

I. Energy Terms

The rotational energy may be considered a functlon of the components Ij, I, and I of the angular momentum
in the intrinsic coordinate system. (The nuclear symmetry axis is the intrinsic 3-axis.) For a band with K = 0, the
axial symmetry implies that the energy must be a function of I + I and thus has the form

ot == AT (T4-1) - BI2(T41)2 - CI3 (I 4+1)%+ . . . ' )

v

*The publishers wish to express their appreciation to the authors for supplying a copy of their original manuscript.
**See, for example, the compilations by B. S. Djelepow and L. K. Peker, Decay Schemes of Radioactive Nuclei, Mos-
cow 1958; Nuclear Data Sheets, K. Way et al. Editors, Washington, D. C., and the analyses by B. R. Mottelson ana S.
G. Nilsson, Mat. Fys. Skr. Dan. Vid. Selsk. 1, No. 8 (1959), and by C. J. Gallagher, Jr., and V. G. Soloviev, Mat. Fys.
Skr. Dan. Vid. Selsk. 2, No. 2 (1962),

***We are here restrizting ourselves to the case of nuclei with approximate axial symmetry. The effect of small
departures from axial symmetry in the nuclear shape is included in the higher order terms considered below. For a
nucleus with major deviations from axial symmetry, the power series considered here would converge poorly. One
should then develop an expansion based upon the appropriate rotational model.
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The empirical data have been found to fit this formula with good accuracy. The coefficient B is typically of order
—-10° A,and C ~3 ¥ 10-° A+

For K = 0, one obtains, in addition to (1), terms resulting from the fact that the nuclear wave function is a sym-
metric combination of terms with I = + K. (The additional terms which are associated with a coupling between the

two parts of the wave functions may be thought of as resulting from fluctuations away from axial symmetry in the in-
trinsic structure.)

For the first few values of K, these terms have the form

E (_1) (1_4_>X 1'»LB1‘](]“"!“ Y- L

K"’*Z

3;._1=(_1)”‘I(I-+1) X [Ag+ Bl (14 1)4 ... ];

B _g=(—1)" (1_,~>(1+2> (1-72)[13, +CI(J 1)+ ]

Eimp= (=0 (T = 1) I (T41)(152) £ [By+Co (I+1)+ ... ].

i
The parameters are labelled by the index 2K, since they arise from operators proportional to (Ij + 113)2K, whichcou-
ple the K and —K components of the state.

The leading terms in E' for K = 1/2 is the familiar "decoupling term”, and usually A is of order A in (1). Sim-
ilarly, one expects B; ~B; ~B. Although A, appears as a coefficient of a second-order term in I, it is expected usual-
ly to be much smaller than A, as follows from a consideration of simple models, such as two particles coupled to an
axially symmetric rotor. Such models suggest that, apart from special situations involving degeneracies in the intrin-
sic motion, a more reasonable estimate is A, ~B. Similarly, one may expect in most cases B, ~B; ~C.*

While the expansion in I is expected to be valid for not too high values of I, there may occur, for large I, modi-
fications in the intrinsic structure which cannot be expressed by such a simple power series in I. Anexample is pro-
vided by the expected breakdown of the pairing corrélation at the critical angular momentum I ***

In situations where two near lying bands are strongly coupled, the usual expansion may not be appropriate. It
is then necessary to treat this particular coupling explicitly, while all other perturbations may be included in the
usual expansion of the various operators.****

E2-Intensity Rules
For transition matrix elements, one can proceed in a similar manner as for the energy, taking due account of
the tensorial character of the operator. The most systematic evidence is available on E2 intensity rules.

E2-transitions within a band are expected to be rather accurately described by the leading order term [B(E2;
LK —+1,K) ~< I, K 20| ,K 2] which is obtained from the I-independent transition operator. The coupling between
rotational and intrinsic motionimplies, asfor the energy, I-dependent terms in the transition moment, but their effect
is relatively small, due to the collective character of the leading term. Usually, the leading order intensity rule is
therefore expected to be accurate to about a percent or better. The best available experiments have an accuracy of

5 - 10 percent, and so far no definite evidence for departure from the leading order intensity rule has been estab-
lished.* * ** *

*We are indebted to O. B. Nielsen for making available to us the results of his analysis of rotational energies in even-
even nuclei, to appear shortly.

**The existence of a term of the type B; has recently been identified in the Coulomb excitation of T (A = 11.61
keV, B =—5.8 eV, By = 8.0 eV. (Diamond, Elbek, Stephens and Perlman, to be published).

***B, R. Mottelson and J. Valatin, Phys. Rev. Letters 5, 511 (1960).

****For an example of this situation, see the spectrum of nga,_ discussed by A. Kerman, Mat. Fys. Medd. Dan. Vid.
Selsk. 30, No. 15 (1956). :

* * * * *Estimates of the expected correction terms to the intensity rules have also been made by P, Hemmer (private
communication. See M. C. Olesen and B. Elbek, Nucl. Phys. 15, 134 (1960), and B. Elbek (to appear).
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For K=1/2 and K =1, additional I-independent terms may oceur, which couple the + K components in the
wave function. Thus, for K = 1/2, we obtain

l\
2 (B2 ’=*_,\ ¢
I <E 1K IK = / o

Ity s 1 1\ 12
46:;[00\11920“ 3o+ 0 (—1) “\]1—72”12‘22/]’

where Qq is the usual intrinsic quadrupole moment, and g (which is related to the wave function of the last odd par-
ticle) is of single-particle magnitude. Thus, the correction term in (3) may amount to as much as 10 percent, For
K =1, the corresponding correction term is expected in most cases to be appreciably smaller.

E2-transitions between bands may be much more sensitive to higher order terms, partly because the leading
terms are smaller, and partly because certain of the admixed terms are proportional to the large collective matrix
element, Qp. We shall not attempt to enumerate all the correction terms, but confine ourselves to the leading order
terms involving Qp. These may be regarded as resulting from a coupling of the two bands considered.

For AK =1 (excluding K = 1/2+«»K = 3/2), the leading order collective admixture gives rise to corrections
which have the same I-dependence as those obtained from an I-independent operator, and thus simply amount to a
renormalization of the intrinsic matrix element. In the case of K=1/2+« »K = 3/2),2 special term arises (associated
with the AK = 2 combination (K =—1/2<«>K =3/2)), and one obtains

b(]“’ sz’\lA——> {[” “F*"’é('."")]H—é(]‘"E Dl e

| :
ar AT ﬁﬁ;. vl 1 o 3N 2
(1,421 112 =D ENC N TATEN ) R A S PI) A

1nvolv1ng the three intrinsic matrix elements M;, My, and MZ

For AK = 2 the generalized intensity rule has the form

B(E2; 1K —> LK +2) =|(M,-+M){I,K22|I,K -+ 2)
: (5)

G MLV (L, — K) (T K 1) < (LK - 120 [ 1K -+ 2) 2.

4

For transitions between two different bands with the same K, the leading term containing the collective matrix ele-
ment, Qq, is of second order in I, ‘as for AK = 2. To this approximation one obtains

BE2; LK —> 1K) = (I, K 20| T,K)* 5 (Mo + My [ (1, -+ 1) — 1o (I, + D]} - ()

(For K=1/2«-+1/2 and K = 1« = 1, additional terms are present).*

The most systematically studied E2 intensities for transitions between bands are those between the ground-state
band in even-even nuclei (K = 0+) and the systematically occurring K =2+ bands (y-vibrations).' ‘It is found that the
M} term in (5) makes a significant correction to the observed intensities, typically of order 20 percent for the lowest
values of I. (Such an effect is produced by M} ~0.03 M,). The corrected intensity rule (5) is found to account for the
avallable experimental measurements on these intensities.**

‘Correcuon terms of the type Mo in (6) have also been cons1dered by Z. Bochnacki (private commumcanon)
* +(). B. Nielsen, Rutherford Jubilee Intern. Conf., 1961 (London, 1962).
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IT11. K-Forbidden Transitions

It is a characteristic feature of the intensity rules obtained from I-independent operators that the matrix ele-
ment vanishes for AK greater than the multipolarity A. Such K-forbidden transitions are indeed observed to be sig-
nificantly retarded (compared to "allowed" transitions) typically by a factor of 10 for each order of K-forbiddenness.

For the K-forbidden transitions, one may, however, write down the power series expansion in I in the same man-
ner as for the allowed transitions. The principal difference is that the leading order term already involves an I-de-
pendent transition operator, proportional to (Iy + i 1) AK-A. To this order, the intensity rules take the form

(I;—K)! (I;+K—{—AK—X)!
U +EK)! (I, —K—AK4-A)!

B(M I K—> LK+ AK)=Mig (I,K +AK—); M|L,K-+AKY? X (7
The accuracy of (7) is expected to be governed by the same considerations as apply to the usual "allowed" transitions
discussed above. Thus, in cases where higher order terms involve relatively large intrinsic matrix elements, one may
expect a significant improvement by employing generalized intensity rules, similar to those discussed above for the
E2 case.*

In any discussion of intensity rules, it must be borne in mind that when the leading order intrinsic matrix ele-
ment is very.small, the transition strength may be sensitive to small admixtures in the wave function and, therefore,
the power series expansion in I may appear to converge poorly. This seems to be the case for many of the low-energy
E; transitions in odd-A nuclei, which are observed to be hindered by factors of the order of 10° x 10° compared to
single-particle estimates; for these the leading order intensity rules are often found to fail by a large factor. The ap-
propriate intensity rule would depend on the mechanism responsible for the observed E;-transition moment. So far,
there appears to be no adequate analysis of these effects.

The I-dependent terms in the energy and transition moments may be regarded as a result of the Coriolis force
acting on the intrinsic motion. The procedure outlined above provides a systematic enumeration of the various terms
which may occur to any given order in I. Such a description is phenomenological in the sense that the coefficient of
each term is left as an adjustable parameter. These coefficients may in turn be calculated from a knowledge of the
intrinsic nuclear structure. Thus, the I-independent terms may be obtained directly from the intrinsic states in a
“static nuclear field; the ‘higher order effects result from the rotation of the field and can be obtained in a manner
analogous to the estimate of the moment of inertia on the basis of the cranking model.

Part of this work was carried out during a visit to the California Institute of Technology, Pasadena, California.
We wish to thank members of the Physics Department for their generous hospitality,

*Recently, the M1 transitions from the K = 7/2+ band to the K = 1/2+ band in Tm'® have been found to have relative
intensities in agreement with (7) to within 15%. (Private communication from P. Alexander and F. Boehm).
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ON DELAYED PROTONS

N. A, Vlasov

Translated from Atomnaya Energiya, Vol, 14, No, 1,
pp. 456-47, January, 1963
Original article submitted September 27, 1962

It is known that there are radiators of delayed neutrons among the isotopes of light nuclei (Lig, N", Cls) and
fission fragments with excess neutrons. The emission of neutrons occurs after the B-decay into excited levels with

the energy E* > By (B is the neutron binding energy in the final nucleus) and is, consequently, possible under the
condition that the decay energy Eg is greater than By,

~ Among the isotopes with excess protons, there may be such where the B*-decay energy exceeds the proton
binding energy By, in the final nucleus. In the decompositon of these nuclei into excited levels, delayed neutrons,

which until now have not been-observed [1], may be emitted,

Possible Radiators of Delayed Protons that are ’ The possibility of producing and observing delayed neutrons
Produced in the (He® 2n) Reaction " is indicated and estimated in the present communication,
‘ Reaction | Eg, Bp. Period, On the basis of the tabiles of ‘m‘.lclear ma?ses which
Target Product | energy, | MeV | MeV |sec were calculated by using semiempirical equations, for in-
MeV : stance in [2], one can indicate the regions containing pos-
12 013 _16 17,1 | 1,9 10,01 sible radiators of delayed nucleons on an N(Z) diagram (N
{%);:o :le(rl; —i%,g 1%,3 ()),2(_) ())03 is the number of neutrons, and Z is the number of protons).
ﬁig“ lsfl’) 189 11’6 5’_,8 }):Z Such a diagram for light nuclei with even Z values from
Si28 s —19,5 12,4 | 2,72 10,4 10 to 30 is given in Fig, 1. The E5 > By > 0 band corre-
Aslifs' (‘ﬁ{; " :igvg %?,g %-, ég 0,7 sponds to possible radiators of delayed neutrons and contains
Cato Tid —15.5 | 1.8 ] 1.60 |0,4 7-15 isotopes for each element, while the Eg > By > 0
band corresponds to possible radiators of delayed protons

and contains four to six isotopes of each element, It is ob-

vious that, besides the known radiators of delayed neutrons,
it is possible that there are many radiators which have not yet been detected, Generally speaking, their production is
difficult due to the fact that neutrons are more readily emitted than protons in nuclear reactions, Thus, the latest of
the detected radiators of delayed neutrons, C*6, was obtained [3] in the cl (t,p)C16 reaction, where both initial nuclei
are radioactive, It is simpler to produce nuclei with excess protons,

The probability that a proton will be emitted by an excited nucleus due to the Coulomb barrier is lower than the
probability that a reutron with the same energy will be emitted. If the neutron width T’y exceeds the radiation width
Iy even when AEp = E* —Bp > 50 keV, the condition I'p > T;, will be satisfied for considerably greater energy mar-
gins AEp = E* — Bp. Thus, for a copper nucleus, A-Ep = 3 MeV, while AEp ~ 7 MeV for a tin nucleus [4]. This is the
reason why the detection of delayed-proton radiators among the isotopes of heavy and even medium elements is not
very probable, However, the detection of such radiators among the isotopes of light elements is highly probable,

One of the simplest methods for producing nuclei with excess protons is the bombardment of certain targetswith
He® nuclei, which are at the present time accelerated in some cyclotrons. The table lists the possible radiators of de-

layed protons that can be obtained in the (He?, 2n) reaction. The characteristics of the reactions and of the nuclei
were borrowed from [2, 5, 6].

For all the nuclear products enumerated in the table, Eq > 10 MeV, while the proton binding energy in the nu-
cleus formed after 3 -decay is Bp <. 3 MeV and, therefore, the probability of decomposition into levels E* > Bp is suf-
ficiently high. The probability P(Bp) of the emission of a delayed proton can be estimated by means of the equation
which G. R, Kipin [7] used for estimating the probability of the ermission of delayed neuwons:
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Fig. 1. Regions which possibly contain radiators
of delayed nucleons in an N(Z) diagram for even
elements of light nuclei,
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Fig, 2, Probability of the emission of a delayed
proton for the decay energy Eg = 11 MeV in de-
pendence on the effective binding energy B for
two values of the constant a in the level density
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Here, ®(E) is the dependence of the probability of 8-decay on
the energy, which can be given as @ = (Eg — E)s, and p(E)

=const e2V “*  is the density of levels of the final nucleus

[8]. The width ratio (under the conditions considered

—p
FP + _
here, I';) = 0) changes rather sharply with energy and, therefore,
it can be assumed that

Tl%pTy =0 for £ < By=RB,-+AE,:

l‘p A ’

—P =1 for kK >B, ..

T, v
i.e., P(B) can be estimated by using not the physical magnitude
of the binding energy Bp. but a certain effective value Bp that
exceeds Bp by AEP, which corresponds to the equality of widths
I'p= [y . Then, the probability of decay to a level with the
energy -E > B can be calculated by using the equation
Eﬁ o VTE ’
§ (Eg—E)3e” VaE g1
- I
PUB) = 55 _
{ (Eg—E)pe VoF ap
0

Figure 2 shows the thus-calculated probability P(B) for
Eg =11 MeV. The two curves correspond to the two values of
the constant a in the expression for the density of levels: a;
= 3 MeV~! (curve 1) and a, = 1 MeV™! (curve 2). For small B
values, P(B) does not depend heavily on the a value. For the
case of the Ti® - s decay, B! ~ 3 MeV, and P(3) = 0,60 ac-
cording to the one curve, and P(3) = 0,83 according to the other
curve, The same curves can be used for estimating the proba-
bility of the escape of a proton with the energy Ep > E = B~ Bp.
For the other isotopes given in the table, the estimates are less
favorable, Finally, the actual probability can differ signifi-
cantly from the probability calculated on the basis of the sta-
tistical theory, since the density of levels is small for light nu-

clei, The above curves illustrate only the high probability of-detecting radiators of delayed protons among the enum-
erated and other similar isotopes of light elements,® ‘None of the nuclear products given in the table has been ob-
tained until now. The cross sections of the (He®, 2n)-reaction and of other reactions in which these nuclei could be
produced apparently are small in comparison with the cross sections of the simpler reactions that yield radioactive
isotopes and, therefore, it is rather difficult to detect them with respect 1 3- or y -activity, It is relatively simpler
to detect delayed protons, and their presence can be used for studying new nuclei with excess protons and nuclear re-
actions leading to their formation. From this point of view, the observation of delayed protons is of methodological

interest,

*V.1, Gol'danskii pointed out [9] that, in the -decay of the predecessors of delayed protons, the superallowed transi-
tion would occur with the greatest probability and, on the basis of this, he estimated the probability of the emission

of delayed protons by certain nuclei.
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For the observation of delayed protons, it is necessary to have a pulse source of He?® nuclei, which are acceler-

ated to an energy in excess of 20 MeV (or a source of other particles, which are accelerated to higher energies), and
a proton detector, which is connected periodically during the intervals between radiation puises,

S gk P
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THE ISOTOPE EFFECT IN ELASTIC SCATTERING
OF PROTONS ON NUCLEI

A, K. Val'ter and A. P. Klyucharev

Translated from Atomnaya F:nergiya, Vol, 14, No. 1,
pp. 48-56, January, 1963
Original article submitted September 13, 1962

Before proceeding to our exposition of the material, the authors would very much like to aknowledge, with
deepfelt appreciation, the crucial role played by the late Igor' Vasil'evich Kurchatov in the successful completion of
the investigation herein described,

Important contributions to the success of the project were made by the use of linear proton accelerators, the
use of targets containing various isotopes, and the processing of experimental data on high-speed electronic computers,

The late L V. Kurchatov took a lively and indefatigable interest, backed up by effective and vigorous efforts
in the rapid development and implementation of linear accelerators at Khar'kov, We must acknowledge his valuable
contributions toward the production of an ample supply and variety of enriched materials, Finally, it was through the
approval and support of the late Igor' Vasil'evich that the electronic digital computer belonging to the Institute of
Atomic Energy of the USSR Academy of Sciences was made available to us (and which was, by the way, the first such
computer for our Institute) for the proceésing of experimental results,

Igor’ Vasil'evich displayed an intense interest in the entire program since its inception in 1955, The last oc-
casion on which he took active part in the discussion of new resuits was in February 1960, less than a month before
his untimely demise,

The problem of elastic scattering of nucleons on atomic nuclei has attracted and continues to attract, at the
present time, the attention of many investigators, Over the past two decades, the arsenal of nuclear research tech-
niques has been strengthened by the addition of charged-particle accelerators, which have made it possible to obtain
intense beams of monoenergetic protons over a wide range of energies. This in turn has made it possible to carry out
a study in depth of the interactions of protons with atomic nuclei, '

Until very recently, elastic scattering of protons on atomic nuclei was siudied over a wide range of energies on
targets of natural isotope composition [1-10]. Results were obtained which contributed to the formulasion of several
general regularities present in the scattering picture. It was demonstrated, for example, that elastic scattering of pro-
tons on atomic nuclei at energies higher than the Coulomb potential barrier displays a diffraction character, and that
the position of the extreme points in the differential cross section as a function of scattering angle is determined by
the mass number of the scatterer at the specified energy and is shifted in the direction of smaller angles with in-
creased energy [11, 12]. This is clearly illustrated in Figs. 1a,1bfor the energies 40 and 9.8 MeV, respectively, in
diagrams borrowed from references [13, 14].

The value of the differential cross section calculated within the framework of the presently accepted optical
model is in satisfactory accord with the experimentally obtained value over a significant range of angles and energies
(15, 16]. The largest deviations of calculated values from experimental values is observed in the region of large
angles and increases, as a rule, as the mass number of the scatterer decreases, Except for the very lightest nuclei,
the angular distributions of elastically scattered protons at energies exceeding the Coulomb barrier are qualitatively
the same for all the elements in the periodic table. However, for neighboring elements in the Z = 24-29 region, the
scattering picture is markedly altered at lower energies. For example, Bromly and Wall [17], who studied elastic
scattering of protons of 5,25-MeV energy on copper nuclei (Z = 29), found that there are two peaks in the 40-50° and
130-140° regions, straddling a minimum (cf, Fig. 1c) in the angular dependence of the ratio of the measured cross
section 0(6) to the Coulomb scattering cross section 6 (8)pytherfords At the same time, the nickel atom heighboring
on copper (Z = 28 for nickel) yields a different scattering picture: the maximum is found at low angles, with the
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E minimum in the 80-90° region, and a continuous increase is evident
E at large angles, Later on, Kondo et-al. [18], studying elastic scatter-
::2 ing of protons (5:7 MaV) on targets consisting of even-Z nuclei
S 10 [\/‘\_f\/y,'“ ) (titaniumi, chromium, iron), demonstrated that the angular distribu-
5 1,0 tion of elastically scattered protons is simnilar to the distribution in
;,: E/\ s a scattering on even nickel.
° i We infer from the findings of these experiments that the angu-
lar dependence of 0 (0)/0(8)Rutherford differs qualitatively-for
N even-Z nuclei and odd-Z nuclei at energies below the top of the
i’ ol Coulomb potential barrier,
‘9;6‘5: All of the investigations were coiiducted on targets of natural
G4 b isotopic composition, so that the differential scattering cross sec-
tions were averaged relative to cross sections of nuclei included in
2,0+ the composition of the targets, Even-even nuclei predominate in
10L Cu even-Z targets; targets with odd-Z nuclei in this region of the
g:g - periodic table consist of odd-even nuclei. The study of proton scat-
o4k _ tering on targets of natural isotope composition therefore yields a
ook v scattering pattern typical, or even or odd mass number of the target
7 nucleus, It is difficult to suppose that the parity of the mass number
would so affect the nature of the scattering,
Low-energy investigations thus turned out to be more sensitive
7’8j to the effect exerted by the individual properties of the nuclides on
L6 r the elastic scattering of protons.
Bt A Study of Elastic Scattering of Protons on
e Separated Isotopes
770: Elastic scattering of protons on separated isotopes at energies
0,8+ 5.4 MeV [19-20] and 19.6 MeV [21] was carried on using the linear
0,6': accelerators of the Khar'kov Physics and Engineering Institute of the
- : : L ! L Academy of Sciences of the Ukrainian SSR, and at 6.8-MeV energy
g o o 80 120 7150 180

[22] using the cyclotron at the Kiev Institute of Physics of the
Academy of Sciences of the Ukrainian SSR, the purpose of the in-
vestigation being a more detailed study of the scattering process,

0, degrees

Fig. 1. Ratio of experimentally measured
scattering cross section 0(0) to the Coulomb
scattering cross section o (®)rytherford as @ Techniques were first elaborated for production of targets in
function of scattering angle. the form of thin free metal foil made of enriched isotopes, In the

process, workers were plagued with some difficulties related in the
first instance to the scanty supply of "raw material” available, and secondly to the fact that this raw material usually
involved a chemical compound rather than pure metal. Some of these techniques have been described in contribu-
tions by the authors and co-workers [23, 24].

The techniques worked out for studying the elastic scattering process are not highly involved, and we need not
be detained, therefore, in a reexamination of those techniques at this time, We shall confine our remarks to the point
that reliable discrimination of the particles due to inelastic processes is what counts here. The methods we employed
to record the protons were the scintillation counter method and the nuclear emulsion stack method, and relatively
small thicknesses of target material enabled us to single out and record groups of elastically scattered protons in our
work. The geometry of the experiment is shown in Fig. 2. The measured angular distributions of elastically scattered
protons are in agreement with theoretical results based on optical-model calculations run on an electronic computer,

Results of the Measurements

Calcium, Scattering was studied for two calcium isotopes (Ca*® and ca®) with doubly magic numbers 20 and 28,
Unfortunately, the calcium targets suffered partial oxidation during the experiment. We were therefore obliged to
limit our comparison to data obtained at large angles, where it might be possible to reliably distinguish groups of
protons scattered by calcium, But enough such data was found to infer a substantial difference in the angular distribu-
tions (Fig, 3). The solid-line curves in Fig. 3 were drawn through experimental data points; the broken curves
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Fig. 2. Scheme of the experiment: a) Using the nuclear emulsion technique; b) using
the scintillation counter technique, :

correspond to the hypothetical low-angle variation of the
angular distribution. The even-even Ca® nucleus yields

ra*® a scartering pattern typical for nuclei of odd mass number
M, while the even-even Ca* nuclide also evinces an angu-
lar dependence similar to the dependence for nuclei of
odd M (in the large-angle region a pronounced peak is
evident in the angular distribution),
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Chromium. Cr and Cr® targets were bombarded
by 5.4 and 6.8 MeV protons, The angular dependence for
% Ca*30% 00" this case is shown in Fig. 4. Scattering on Cr, which is
an even-even nuclide magic with respect to neutrons, is
similar to scattering on Ca® at 5.4-MeV energy, while
SN hyot the angular dependence for the even-odd nuclide Cr® is,
10 i ® on the other hand, similar to the dependence for nuclei of
A odd mass number. The data obtained at 6.8-MeV energy
\ \? v only emphasize the difference in the elastic scattering of
4,5 A protons by these nuclides, but the appearance of a hump in
the large-angle curve in the case Cr® points to a tendency
for this difference to smooth out as the energy is increased.
The continuous curves indicate the angular distribution
computed on the basis of the optical model, It is not dif-
ficult to see that the best agreement between experimental
and theoretical data is observed for odd chromium, while
a sharp difference in the large-angle variation of the angular dependence is detected in the case of Cr®,
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Fig. 3. Angular dependence of ratio ¢(9) o (120°) in
case of Ca® and Ca® at Ep = 5,45 MeV.

Nickel. Scattering was studied on the four nickel nuclides Ni®®, Ni®, Ni%, and Ni® at proton energies 5.4 and
6.8 MeV. The results obtained appear in Fig. 5. At 5,4-MeV energy, the angular distribution for the first three
nuclides is qualitatively the same, and similar to the angular relationships for Ca® and Ci®%, However, even in the
case of Ni®, we find the scattering intensity at large angles to be markedly lower than the intensity for Ni®® and Ni®,
As for Nif4, despite the even mass number, the angular dependence proved to be similar to that applying to the case
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Thresholds of (p,n)-Reaction o - much the same way as Cr*, while Ni%® presents the same
o Threshold of - T scattering pattern as an odd nuclide, The theoretically com-
(p,n)-rrésagtion,"MeV I Data | puted curves are in excellent agreement with experimental
Nuclide . exprl, | source . curves for Ni* at 5,4 MeV and for Ni® at 6.8 MeV. A strik-
. i . . . .
' calc. ~ P ! S ing discrepancy is observed for the lighter nuclides, particu-
Cao 150 i f larly for Ni® at 5.4 MeV. At a higher energy, the optical
Cﬁm 0,52 — L ; model reflects in a satisfactory manner the qualitative varia-
Tise 8,0 — - | tion of the angular relationship for Ni®® and Ni®,
Tid? 3,97 - - v
%':i %g[r - i - Cobalt, Copper, and Zinc, Scattering on cobalt, Cu®,
Tis0 3706 _ ? — . zo™, and Zn® at 5,4-MeV proton energy was studied. The
A 0,25 — - i angular relationship resulting is shown in Fig, 6, Despite the
Vsl 1.53 1,56 28] : £ hat both zi lid £ b _
Crs? 563 _ o i act that both zinc nuclides are of even mass number, scat
Cps3 1,83 - _ tering turned out to be similar to the case of scattering by
K\]}n:s 1’21 1o (28] ’ such odd nuclides as cobalt and Cu®,
[& 2y . -
‘ IIZZE:* 1)’(—))2 - - _ The curves computed for 5.4-MeV energy turned out
L TCos? 1’;{7 -— — ! tobe in excellent accord with empirically plotted curves for
'\‘1:(8 ‘10,%?3' - - ; Cu® and zn®, while a fairly pronounced large-angle dis-
le Z‘ 77 4.7 [28) |  crepancy was observed for Zn*,
PoONis 2,45 2,5 1 28 . . 63
: Cubs 4,2 4,2 {28] ; Angular scattering results for scattering on Cu’” and
i Cuss 2,13 2,7+ 128} | Cu® at 6.8-MeV proton energy were measured and computed
5 ;"‘l: ?’8‘.} 505 | 28y . theoretically. The curves are similar (both nuclides having
s 381 { 4 Lo128) ¢ odd mass numbers) and exhibit satisfactory agreement with -
e . 5 E . the experimental curves both in general shape and in abso-
lute values (Fig, 7).
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Fig. 5. The same as Fig. 4, for nickel isotopes at EP = 5,45 MeV (curve a), and Ep = 6.8 MeV
(curve b),

Discussion of the Results

The results mentioned above make it possible to draw several inferences on the nature of elastic scattering of
protons on atomic nuclei at low energies, It is evident, first of all, that the angular dependence of the ratio of the
measured cross section to the Coulomb scattering cross section is qualitatively different for nuclides of odd and of
even mass number, while the number of neutrons is close to a magic number in even nuclei,

The scattering picture is sharply altered when the number of nucleons in the nucleus is changed by one unit
(independently on the nucleon charge state), The parity of the mass number is accordingly of vital importance in
scattering, An odd nucleon strongly smears out the nuclear surface, apparently, and causes an appreciable increase
in the probability that an impinging particle will be absorbed in the surface layer of the nucleus. The same effect )
is observed in nuclides far removed from the magic region, with even mass number and paired nucleons above the
closed nucleon shells,

However, an increase in absorption results in an increase in the scattering, In measuring the intensity of scat-
tered protons together with protons scattered elastically in the Coulomb field of the nucleus and in the field of the
nuclear forces, we inevitably come to record protons of the same energy and passing through the stage of the com-
pound nucleus, the (p,p)-process with capture. In our preliminary paper on the study of elastic scattering of 5.4-MeV
protons by some elements, which was published in 1956 [25], we expressed the conjecture that the high value of the
g (0)/0(120°) ratio at large angles is related to the capture of the impinging proton by the target nucleus and the
formation of the compound nucleus N!2 with the excitation energy in the resonance region. Greenless et al, [26],
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detected a nonmonotonic ‘energy dependence of the angular
distribution of protons elastically scattered on magnesium,
and this may likewise be related to the formation of the com-
pound nucleus, At energies below the Coulomb barrier, the
probability of decay of the compound nucleus through the
elastic channel is always greater than the probability of de-
cay through inelastic channels for charged particles,

The (p,p)-process with capture will predominate if the
threshold of the (p.n)-reaction is greater than the energy of
the incident particle, Otherwise, a powerful competitor will
appear in the (p,p)-process in the form of a reaction with
neutron yield. This imparts considerable interest to a com-
parison of the thresholds of (p,n)-reactions and the behavior
of the angular distribution of elastically scattered protons.

In the above table, we list values of the thresholds of
(p.n)-reactions computed from the values cited in [27] and
values found experimentally for the nuclides in the region we
studied. The inference we may make from the table is that
all nuclei of odd mass number have low thresholds, just as
neutron-enriched isotopes of even nuclei, Nuclides of even
mass number but of low N — Z difference have a high threshold,
as a rule, This is due to the binding energy of the last neutron
in the nucleus,

Let us compare these data with the results of measure-
ments of the angular distributions of elastically scattered pro-
tons, The maximum in the large-angle angular distribution
is given by all nuclides for which the threshold of .the (p,n)-
reaction is lower than the energy of the primary protons: Ca®,
cr®, Ni%, cu®, and zn®, but this does not apply to Ni® and
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Zn®, This maximum is not present in the case of Ni®

o

~§ 775" o= despite the fact that the threshold is below the energy of

= x the bombarding particles, but the value of the

’é ’:.: : a(o) /O(G)Rutherford ratio in the large-a.rsl,%le-regig;z is
& 0. significantly lower than is the case for Ni*® and Ni* at
i ol °° 5.4-MeV energy. But even at 6.8-MeV energy, this nu-
% ’ clide scarters protons in the same manner as an odd nu-

cleus, It is possible that the probability of the (p,n)-re-
action. for Ni® close to the threshold is not high, and in-

creases appreciably as the energy is increased,
Gor ‘

Consequently, the "anomalous” increase in the
ratio 9(8)/ OO)rutherford 1P the large-angle region in
the case of nuclides of even mass number is due to a con-

1 \ : siderable extent to elastic scattering of protons with the
50 700 150 ~ formation of a compound nucleus. As the energy in-

0 cmp degrees creases, the role of the inelastic channels in the decay
Fig, 9. Same as in Fig, 4, for cadmium nuclides at Ep of the compound nucleus is enhapced, in particular :che
= 19.6 MeV: @ Cd™: x. ca®® O cdis role of the (p,n) channel, when the energy of the primary
' T T ’ protons exceeds the (p,n) reaction threshold, Now this
leads to a decrease in the probability of decay of the

o1 o ' o T compound nucleus through the (p,p) channel with capture,
- o
Lg ’ . The preceding discussion implies clearly that t‘_n'e‘
% 1,6} ° 4 theoretical treatment of the experimental results on
’\é elastic scattering of protons on atomic nuclei, based on -
% 74t . . ’ : 1 the optical model with no allowance for competing proc-
~ esses, is valid only in those cases where the binding
S energy of the neutron in the nucleus is not great and the
threshold of the (p,n)-reaction is small compared to the
hor } energy of the particle scattered,
0,5 E Of course, a certain contribution to the attenuation
of the (p,p)-reaction is creditable to the inelastic chan-
6,61 1 nels bearing a yield of charged particles, for example
(p,p')scattering, the value of which varies as the energy.
04 ) This may apparently account for the humps in the curves
of the angular distribution at large angles, in the case of
0.2 7 Zn™ at 5.4 MeV, and in the case of Ni%® and Ni® at 6,8
, B . . MeV,
0 40 80 120 %60

As the energy is inereased, the relative contribution
of protons scattered with capture to the over-all intensity
Fig. 10, Same as in Fig. 4, for tin nuclides at Ep= 19.6 of the fp.,p)-process ‘,Nm de.crease because of the growing
MeV: O(—), Snll6; @(---), sni?4, probability of other inelastic channels open to the decay
of the compound nucleus, and the pattern of elastic scat-
tering will approach more and more closely a diffraction

pattern. The "isotope effect™ in proton scattering at high energies exerts a much less prominent effect at high energies
than at low energies, :

8 o degrees

We studied elastic scattering of 19,6-MeV protons on the following separated isotopes: tritium, He® and He?,
Li® and LiT, N', 0%, cobalt, Cu®, Cu®, Ge™ and Ge™, Cdl™, Cd'3 and Cdl6, spil6, spli?, snt'8, sp!t? spl?0 gpt??
and sn'*, Pb?", pb™®, and bismuth [21].

The experimental and theoretically computed results for cobalt, Cu®®, and various nuclides of cadmium and
tin appear in Figs. 8-10. The scattering in these cases is typically diffractive in nature, The optical model is in this
case a fully satisfactory description of the elastic scattering of protons on atomic nuclei, The discrepancies in the

low-angle region may be due to large experimental errors associated with certain difficulties encountered in low-angle
measurements,
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At low energies, the extent of agreement between experimental and theoretical data is also considerable for
those nuclides having a (p,n)-reaction threshold lower than the energy of the bombarding particles, For these nu-
clides, the smearing-out of the nuclear surface and the absorption width are greater than for nuclei of even mass num-
ber and are close to magic neutron number, This is in accord with the supposition we advanced earlier on the smear-
ing-out of the nuclear surface and the enhanced absorption of impinging particles by these nuclei. It is of course a
bit premature to draw any categorical inference from the data. An extended systematic study of the process of elastic
‘scattering of nucleons on separated energies at various energies will be required, with improved experimental ac-
curacy and with allowances for the contribution of the compound nucleus to the scattering picture,
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Introduction

The problem of producing a high-temperature plasma and the problem of containing such a plasma cannot be
treated independently, It is difficult to think of a plasma confinement device that is not affected by the method
used to produce the plasma. Indeed, the plasma heating process determines directly confinement parameters such as
heating time, the time-rate-of-change of the electron and ion temperatures during the plasma production process,
the oscillation spectrum, the presence of trapped magnetic fields and impurities, plasma currents, etc. Because of
the complexity of the problem, however, at this stage we must consider methods of heating plasma separately from
methods of containing plasma. Below we shall be interested primarily in the plasma heating problem,

Ir-is now clear that the description of a plasma in terms of a system of charged particles that interact witheach
other via binary Coulomb collisions is an inadequate one, Collective interactions play an extremely important role
in plasmas produced under actual experimental conditions. Among these interactions we think first of the interaction
of a beam of charged particles with a plasma, an interaction that has been studied in detail both theoretically and
experimentally. It has been found that a beam in the plasma rapidly loses the energy associated with the ordered
motion because of collective interactions, The possibility of using this effect for plasma heating seems to be worth
investigating, However, in actual experiments the beams are generally formed outside the plasma and for this reason
are characterized by low densities, as is the plasma into which they are injected, Obviously, charged particle beams
need not be injected into the plasma from outside; under certain conditions they are produced inside the plasma [1],
In this case a beam can generally excite plasma oscillations and have an important effect on the nature of the plasma
processes, This was first pointed out by R. Z. Sagdeev [2], who showed that the excitation of collective electron mo-
tions can explain the damping of shock waves in a collisionless plasma.

L. L Rudakov has proposed that the dissipation of oscillation energy by virtue of this mechanism is possible not
only for the shock wave, but also for an ordinary wave, if the wave amplitude is sufficiently great.

Thus, the important problem of studying collective processes in a plasma can be reduced to the search for con-
ditions under which charged particle beams capable of exciting plasma oscillations can be produced by electomag-
netic fields, If an effective method for transferring the energy of an external electromagnetic field to a flux of
charged particles can be found, this would represent a solution to the problem of heating a collisionless plasma with
a high degree of efficiency,

Obviously the importance of collective processes in a plasma is not limited to.this one aspect of the problem;
as far as obtaining a high-temperature plasma is coneerned, however, these effects are evidently the most important
so long as plasma stability is not considered.

The problem of heating a plasma by randomizing the energy of ordered motion through collective processes
has certain wider ramifications, Let us assume that strong external electromagnetic fields cause rapid ordered plasma
motion which, in turn, leads to the appearance of an instability on a scale which is much smaller than the character-
istic dimensions (for example, the radius of the plasma column), If the growth time of these instabilities and the
time during which the external électromagnetic fields are applied are both small, and if the oscillations arising as a
result of the instability relax quickly to a thermal level, then this process will result in the thermalization of the
ordered velocity without having a noticeable effect on plasma loss from the trap. The plasma temperature that can
be achieved under these conditions is determined by the ordered velocity of the ions, i.e,, the magnitude of the ex-
ternal fields, The difference between this method of heating and that described above, which is based on the
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development of beam-type instabilities, lies in the difference in the nature of the mechanisms producing the insta-
bilities in the plasma; in turn, these differences lead to important differences in the space and time scales of the in-
stabilities,

Conditions for the Excitation of Electron Plasma Oscillations

The interaction of a beam of charged particles with a plasma has been studied in detail both theoretically and
experimentally, and has been described by many authors, Although most of the experiments have been carried out
with the beams injected into the plasma from outside, the criteria for excitation of collective oscillations are approxi-
mately the same as for the case in which the beams are produced in the plasma by external electromagnetic fields,
The excitation of oscillations requires that ve, the ordered velocity of the electrons with respect to the ions, be

. A [2T o . 1api s
greater than the thermal velocity v = —m—e . Under these conditions, Langmuir oscillations are excited in the
2

. . 1 “4mne . :
plasma in a time of order 7 o \m where w§ = » with wavelengths of order ve/w,. The energy of the
plasma oscillations is thermalized at the same time. If the plasma is located in an external magnetic field H and

eH I . ' . s
Wy >> WeH, where wey = =, the magnetic field has little or no effect on the development of the instabilities,
0 e eH =~

Using these general considerations, we now consider the concrete problem of exciting electrostatic oscillations
in a plasma by means of external electromagnetic f1e1ds [3]. Assume that the plasma column is located in a longi-
tudinal magnetic field described by

1 =H-4-H e %sinot. ' ' ¢H)

The electron current density in the plasma is then

. ¢ OH
] = Ut = m s — @
where T is the distance from the axis of the columa, Using Eq. (2), we find criteria for the appearance of a collective

electron friction

H?, 3
SnnTe> [k Ze2 7 3
1 dHa | . : . . g
where k = oo | the wave vector, which depends on the plasma density n, the magnetic field H, and the.

orientation of the field with respect to Hw. If H~ is parallel to H, then when Ho,/H << 1, neglecting wave damping,
we have

2 1
A
ke = PYI 4)
02
where e H ., em
AT Vw8 it
Thus, the relation in (3) can be written in the form
HE O ( . ) 1
BanT, ~ @ ol J|" (5)

The relation in (5) gives the threshold value of the amplitude of the ac field required for the excitation of electro-
static oscillations in the plasma,

It should be noted that when w > eH/ Mc, the wave vector k (i.e,, the fraction of kinetic energy of the elec-
. _ = .
trons in wave energy) falls off rapidly with increasing @ =< k; H; when 6 > \/ M the energy obtained by the elec-

trons from the external high-frequency field becomes small compared with the energy of the electromagnetic field in
the wave, This result has a simple meaning: In oblique propagation of waves in a magnetic field, the electric field
of the wave is highly damped by the electrons, which can move easily along the fixed magnetic field; for this reason

a2 -
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the drift velocity of the electrons in the wave vy is reduced, and this means that the kinetic energy of the electrons
is reduced.

We now consider the question of how rapidly the energy of the Langmuir oscillations can be thermalized, and
whether the excitation of these oscillations has an appreciable effect on the loss of plasma from the confinement sys-
tem, It follows from the theory [4] that the electron velocity distribution in a monochromatic beam in a plasma is
converted into a smooth essentially Maxwellian function in a time of the order of ten Langmuir periods. Thus, if
w << wy, the thermalization of the energy of electrostatic oscillations will occur very rapidly as compared with the
period of the external field. Hence, particle loss from the plasma due to oscillations with amplitude appreciably

greater than the amplitude of thermal (equilibrium) oscillations will occur only during the heating time 7, If T
r

< /yj—:m > this loss is small. This result has been verified experimentally.

—T__

We now consider the development of electron heating in a plasma as a function of time. To avoid complica-
tions, we assume that the plasma is located in a fixed magnetic field and that at time t = 0 an additional sinusoidal
field is applied in accordance with Eq (1), where o = 0. If the frequency of the external field w <<wy and the ampli-
tude H,, satisfy the condition for excitation of electrostatic oscillations (3), absorpuon of plasma wave energy will
continue up to the time at which the thermal velocity of the electrons becomes comparable with the ordered velocity
of the electrons in the wave. Since the time required for excitation and thermalization of the energy .of the Langmuir
oscillations is much smaller than the period of the high-frequency field 2n/w, the temperature of the electrons will”
increase along with the growth in energy density H”./8m; heating is terminated in approximately the time required
for penetration of the high-frequency field over the entire depth of the plasma column, i.e., a time of order 1/ vy.

At this point the electron temperature that is established is determined by the amplitude of the variable field
and other plasma parameters in accordance with Eq. (3), so long as we neglect the plasma cooling resulting from vari-
ous energy loss mechanisms. Thus, the plasma heating rate.is very high and it is not necessary to use a long heating
pulse. In most cases in practice one requires a time of the order of one period of the external magnetic field. If the
heating is applied over a section of a long plasma cylinder, the time required for heating the electrons to the peak
temperature is determined by the electron thermal conductivity along the plasma,

The method of plasma heating described here is now called turbulent heating; it can be used to produce a
plasma with hot electrons, The next question then concerns the possibility of heating the ions. Obviously one cannot
rely on the transfer of energy from electrons to ions via binary Coulomb collisions because the electron-ion collision
cross section is very small at high electron temperatures Te. Several possible methods of ion heating associated with
turbulent electron heating are discussed below.

Excitation of Ion Plasma Oscillations

The turbulent electron heating mechanism considered above can be used to produce conditions for the excita-
tion of ion plasma oscillations by virtue of the two-stream instability for ions moving along the fixed magnetic field.
As shown by B, B, Kadomtsev [5], the ion two-stream instability can arise only when the electron temperature is
greater than the ion temperature and is greater than the energy of the directed ion motion, This requirement can be
explained simply: If the electrons are cold, the electrostatic fields produced by the ion instability are rapidly com-
pensated by the electrons, since the electrons can move freely along the magnetic field. However, at electron temp-
eratures such that

p)
Mui

T, >

T.
>4 ©)

this compensation of the ion fluctuation charges by virtue of the high pressure of the electron gas is no longer possible,

and the ion-beam instability can develop freely., Hence, turbulent heating of electrons allows thermalization of op-
posing ion streams and thus makes it possible to obtain a plasma with both hot electrons and hot ions,

According to Eq. (6), the limiting ion temperature which can be achieved by means of the two-stream insta-
bility depends only on the electron temperature if the ions have a sufflclently high relative velocity with respect to
each other,

Magnetic Compression of a Turbulently Heated Plasma
It is well known that magnetic plasma compression [6] can be used to increase temperature and density; more-
over, under conditions compression reduces appreciably the loss of particles from the confinement system due tobinary
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Fig. 1. Diagram of the experimental apparatus used to study turbulent heat-

ing, containment of a turbulently heated plasma in a magnetic mirror system,
and the ion two-stream instability. 1) and 2) Plasma guns (the current pulse

in the guns is approximately 3-4 psec); 3) quartz tube 3,6 cm in diameter and
110 cm long; 4) oscillation circuit mounted on tube 3; 5) coils of the main
solenoid producing the fixed magnetic field; 6) mirror coils providing a mirror.
ratio up to 9; 7T) microwave probes at 3 and 0,8 cm; 8) probe for measuring ion
temperature [8]; 9) section of plasma from which light is emitted into two mono-
chromators furnished with photomultipliers. The magnetic probe is located at
the axis of the tube 3 at the center of circuit 4 or at its edge, Operation of cir-
cuit 4 with a small delay time with respect to guns 1 and 2 in the region of the
circuit causes appearance of opposing plasma jets with densities of ~2 + 10*
electrons per cm® and proton energies up to 100 eV. At time delays greater than
50 wsec the ions essentially lose all their ordered velocity.

Coulomb collisions. If the radial compression of the plasma occurs by virtue of a magnetic field-that increases linear-
ly in time, the maximum compression time without particle loss due to collisions is [6]

t < — sec. (n

1,47-10UT" 20,/
n

Here, T is the initial plasma temperature in keV: o = Hf/ Hy, where Hy and Hf are the initial and final magnetic

field strengths, It is evident from Eq, (7) that turbulent heating, which can yield appreciable initial temperatures Te

and Tj can, even with small o, be used in conjunction with slow compression to obtain long confinement time of a

hot plasina; this statement holds so long as dangerous instabilities do not develop.

In turbulent heating the energy wransferred by the wave to the plasma is determmed only by the strength of the
variable magnetic field, and is given by

TH?
Ban . (8)

Te: =
where, as shown experimentally (cf. below), the maximum value of the constant £ = 0,5 [3], It is convenient to use

a shock-excited circuit to obtain high H.,; this circuit may consist of one wide turn (inductance in the circuit) and a
capacity connected in parailel, It is easily shown that the magnetic field at the axis of such a turn is

M= ey | ©)
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Fig. 2. Oscillograms of the voltage on the magnetic
probe located at the axis of the plasma column at
the center of the oscillation circuit for different
values of the fixed magnetic field. Oscillation cir-
cuit frequency v = 1,2 * 107 cps, H~ = 600 Oe, work-
ing gas is hydrogen, p = 10”3 mm Hg, n ~ 1,7 » 10**
cm™®%, The probe readings indicate that the wave is
damped in the plasma very strongly in the region in
which w = wej. Wave damping is not due to joniza-
tion or other binary collision processes, since the gas
pressure is low and the frequency of field variation
-is very high.

where U is the voltage (in volts) across the circuit capacity;
v is the natural frequency of the circuit; R is the radius of
the turn; A is the ratio of stray inductance of the circuit to
useful inductance. In Eq. (9), the frequency v is related to
the radius of the plasma column in the following way: The
radius r must represent at least a quarter wavelength, i.e,,

B 10
roers (10)
In addition to Eq. (10), we must impose the following ob-
vious limitation on ion temperature:

r=bo,, (11)

where p is the ion Larmor radius and b is a factor greater
than unity. We use Egs. (8)-(11) to perform an approximate
calculation of the electron and ion temperatures, We as-
sume that ¥ = 107; U = 3.5+ 10° V; R = 1.2r = 6 cm; r=2.50;
X =0.,5, Then, withn=2"+10"% cm™® and H~ H_, we have
from Egs. (8)-(11), Te = 5.8 » 103 eV, Ty = 5 10% eV, and
from Eq. (7) the time for magnetic field compression with

oy = 10 is found to be

t< 0,2 sec,

Wiih this long compression the turbulent heating can provide
a final plasma temperature of about 50 keV,

If we assume that the natural frequency of the shock-
excited circuit is

(12)

where C, is the capacity of the circuit per unit length of
turn in farads, then, introducing the notation H = aH., and
R = nr, from Egs. (8), (9), and (12) (with the condition r

= vp/4v) we find

( F Y )
= ), 126E _ (o I(), (13)
®* (1--a?) (1-+-2) €,

1023 a2 272
n= 2B ULA G (f/emty, a9

o~ 0,5-10%C, U2

_ 23 I~ s bt b Sl
¢, =nrtnkT, = By (erg/ cm), (15)

where q is the energy generated per unit length of plasma column, i.e., the energy obtained by the plasma from the
oscillatory circuit due to turbulent heating, It is interesting to note that (13), the temperature reached by the plasma
in turbulent heating under the most convenient conditions, is inversely proportional to the running capacity C; and is
independent of the voltage across the capacity and the natural frequency of the circuit,

Experiments on Collective Interactions ir a Plasma

These experiments were carried out with the following purposes: 1) investigation of turbulent ‘heating [1,3]; 2)
containment of a turbulently heated plasma in a magnetic mirror system [7]; 3) examination of the. effect of the ion
beam instability in turbulent heating of electrons by oppositely directed plasma jets [8], In all of these cases, the ex-
perimental apparatus was very much the same, so that we describe one case only [7].

A diagram of the apparatus is shown in Fig. 1. The plasma is produced in a quartz tube 3 by injection of
plasma jets from the guns 1 and 2 which contain titanium buttons saturated with hydrogen or deuterium. The guns
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Fig. 3. The energy absorbed in a collisionless plasma as a result of turbulent heating
as a function of the fixed magnetic field H and the angle between H and H,_,. Curve 1)
6 = 0; curve 2) 6 = 8; H_ = 500 Oe; ¥ = 1.4 -+ 107 cps. According to the linear theory,
the peak of wave absorption lies at w = wej, in which case H = 310 Qe, which is in
satisfactory agreement with experiment at = 0, For 6 > 1,5°, the linear theory does
not give wave absorption but it is observed experimentally even when 6 = 8° for fields
H 2 H~. This effect is related to the existence of a nonlinearity in the process, Under
the conditions of these measurements the area of a cross section of the plasma column
represents approximately 0,6 of the cross-sectional area of the coil of the oscillation
circuit; herice, a unit volume of plasma, according to curve 1, absorbs at peak approxi-
mately half the energy of the magnetic field per unit volume, i.e., in Eq. (8), £~ 0.5.

are operated simultaneously and produce two plasma jets which start to move toward each other, in the fixed magnetic
field produced by the coils of solenoid 5 (300-600 Oe); these jets penetrate each other, Control experiments show that
in the course of time the velocities of the jets are reduced, and that the tube 3 is gradually filled by a nonmoving
plasma, Thus, one apparatus can be used with plasma jets, for the examination of ion beam instabilities, as well as
with a fixed plasma, Spectroscopic measurements have shown a small amount of impurities in the plasma. For
operation with helium (in certain cases with hydrogen [1, 31),the guns are replaced with copper or molybdenum elec-
trodes; the gas discharge is then formed by discharging a condenser bank of 5 * 10* pF -charged to 20-30 kV. The oscil-
lation circuit 4 on the quartz tube 3 filled with plasma is a copper cylinder 30 cm long and 4-5 cm in diameter, split
into two equal halves along the axis. To one side is connected the capacity of C = 10* pF; a controlled spark gap is
connected to the other, The capacity can be charged to a maximum of 60 kV, making it possible to produce at the
axis of the cylinder a magnetic field of Hu ~ 1.2 kOe at a frequency of 107 cps. The oscillation circuit has a low
quality factor so that the amplitude of the current is reduced by a factor of 2 in a time of approximately two oscilla-
tion periods, i.e., 2 - 1077 sec, The measurement of H,, inside the plasma is accomplished by means of a magnetic
probe shielded from the electric fields.

“To measure the wave damping in the plasma caused by the excitation of Langmuir oscillations by the electrons
accelerated by the electric field of the wave, we produce a plasma by one of the indicated methods in tube 3; then
we fire the discharge gap of the oscillation circuit. We measure H., in the plasma and the damping of the oscillation
circuit caused by energy losses in the plasma. Microwaves at 3 and 0.8 cm are used to determine the plasma density
while monochromators and photomultipliers are used to study the emission of individual spectral lines,

Since the quality factor of the oscillation circuit is low, the rime during which the high-frequency magnetic
field operates on the plasma is much smaller than the time required for ionization of the neutral particles, Further-
more, because of the high electric field in the wave (resulting from the appreciable H,_), the electrons rapidly
acquire high velocities and the Joule losses in the wave are insignificant, For this reason the electron temperature of
the plasma can be found by a "calorimetric” method: we determine the plasma density before and after turbulent
heating and determine the electron temperature from the energy lost by the electrons to ionization.

Another reliable method of determining electron temperature is the measurement of the plasma containment
time in the mirror device [7],

We present below the basic results of these experiments,
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Fig, 4, Containment of a turbulently heated hydrogen
plasma with small helium impurity in a magnetic mir-
ror system, Upper trace shows emission in time of the
He II 4865 A line with mirror system switched on. The
sharp rise in emission of the line in both cases corres-
ponds to the time at which oscillation circuit is trig-
gered, Primary magnetic field H = 600 Oe; field in
the mirrors = 3000 Oe. Below we show emission of
same line under same conditions but with magnetic
mirror switched off. The signal gain is three times
higher than in first picture. Period of sinusoid shown
in the figure is 10 psec; Ha = 1.2 kOe; n =1,7- 1048
cm™®, Plasma is produced by injection of plasmoids
from guns. Initial gas pressure in tube p < 107% mm
Hg. Fuzziness in emission on first pattern is relatedto
gradual ionization of helium atoms and accumulation
of He II in the plasma. Sharp drop in emission in the
second trace is related to fast cooling of electrons at
the ends of the tube,

1. It has been established that there is a high de-
gree of strong collisioniess absorption of electromagnetic
waves in the region w = Wej (Figs. 2 and 3). It is found
that the wave damps out appreciably even in a distance
of the order of a half wavelength in the plasma, It is
shown that the absorption is related to the transfer of energy
from the wave to the plasma electrons, and that the elec-
tron temperature corresponds approximately to the expected
theoretical value (8), where £ = 0,5, The experiments
were carried out at w/ 2m =~ 107 cpsand H,, = 1,2 * 10% Qe
in a plasma density of 10¥ <n=2-10"% A maximum
electron temperature of approximately 800 eV was ob-
tained. The region of strong wave absorption occupies a
wide range of magnetic fields, This region increases as
the intensity of the high-frequency field is increased. The
wave absorption effect exhibits a threshold: it disappears
at low values of the ratio H_/H, in accordance with
theory (5). The measured dependence of wave absorption
on angle 6 is also found to be in accordance with theory
(Fig. 3).

2. Turbulent heating of electrons in a plasma to
temperatures of the order of 600-800 eV allows us to study
the stability of a plasmna obtained in this way in a mirror
device [7]. The measurements show that this plasma is
contained for a time approximately equal to the time re-
quired for one electron-electron collision (Fig. 4). Turbu-
lent heating does not lead to any dangerous instability, It
is interesting to note that the plasma is contained for a
time at least an order of magnitude greater than the time
required for the development of the interchange instability.

3. In experiments on the excitation of an ion two-
stream instability with two colliding plasmoids, it has been
shown that turbulent heating of the electrons leads to the
complete thermalization of the directed ion velocities[8].
The experiments were carried out in hydrogen with directed
ion energies along the magnetic field with a maximum
value of 100 eV and plasmoid densities of approximately

2¢10¥cm™andT; e 5 eV, The proton energy, 100 eV,

corresponds to a mean free path for Coulomb collisions
several times greater than the dimensions of the experi-
mental apparatus, The maximum recorded ion tempera-

ture after turbulent heating is 50 eV, Ions with higher energies escape to the chamber walls, The maximum electron
temperature in these experiments is estimated as 200-400 eV,

Thus, these experiments have verified the possibility of using collective motions of electrons and ions for plasma

heating,

4, The experiments described above to examine the ion two-stream instability [8], were carried out in a fixed
magnetic field no greater than 0.6 kOe. It was later discovered that for values H = 1-3 kOe and 0.6 < H.. = 1.2 kOe
there is an appreciable heating of ions to 25-30 eV, even when the ions in the plasma have no directed velocities,
This condition is produced when the turbulent heating is carried out with a very long time delay with respect to the
time at which the guns are triggered and the Coulomb scattering of the plasma jets brings the plasmoids to rest. It
has been found that the ion temperature exhibits a well-defined peak, which depends on the fixed magnetic field,and
that this peak is shifted linearly toward higher fields with increasing H.. In magnetic field H = 3,5 kOe (with H..,
= 1.2 kOe), the heating of ions is terminated just as when H =< 0.6 kOe. We note that for fixed magnetic fields 0.3 to
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1 kOe there is a maximum of turbulent electron heating for a hydrogen plasma while in the region H = 3.5 kOe
(with H_=1.2KkOe)the electronsareno longer heated, Thus, the ion temperature increases when the turbulent heat-
ing of elecurons is reduced and the ion heating vanishes when the turbulent heating is terminated. A ccording to the
linear magnetohydrodynamic calculation [9], the energy of the electrons in the wave has a maximum in the region
W = Wei, and falls with increasing wej/w, while the ion energy has a. minimum in the range wei /w = 1, and is inde-
pendent of the magnetic field when wej /w >> 1. If we accept the latter, then the following conclusion can be drawn
regarding the observed effect: The ions are heated as a consequence of thermalization of the ordered ion velocity of
the wave and thermalization can be realized only with relatively hot electrons.

One expects that this effect is related to the development of a relatively fine scale plasma instability in the

strong electromagnetic wave by virtue of fast mixing of the plasma and strong -damping of the turbulence, as noted
in the introduction, '

Conc lus ions v

Turbulent heating appears to be a simple method for obtaining a plasmia with a high electron temperature,
Based on the use of collective motion in the plasma, it has certain advantages compared with heating methods based
on binary Coulomb collisions. This advantage is especially important when the temperature is increased, in which
case the Coulomb cross section becomes smaller,

In a plasma with hot electrons produced by turbuient heating,conditions arise in which ion electrostatic oscilla-
tions can be excited. Hence, we have two-stream motion of the ions with high relative velocities; turbulent heating
allows us to produce a plasma with hot electrons and ions. It is of interest to study magnetic compréssion‘ of such a
plasma in this connection, since the appreciable initial temperature makes it possible to obtain a high temperature
plasma by means of slow and relatively weak compression, ’

The hot plasmas obtained by means of turbulent heating open a number of new possibilities for the investiga-
tion of plasma stability in various confinement systems,

In conclusion, I wish to thank M. V. Babykin, A. A, Vedepov, E. P, Velikhov, L I. Rudakov, R. Z. Sagdeev,
and V. A, Skoryupm for interesting discussions of the work described here,
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BRITISH RESEARCH IN CONTROLLED THERMONUCLEAR FUSION

Sir John Cockecroft

Translated from Atomnaya Energiya, Vol. 14, No. 1,
pp. 66-71, January, 1963 '
Original article submitted August 30, 1962

British research on controlled thermonuclear fusion began in the 1940's at Liverpool, Craggs and his group pro-
duced a high-current spark discharge in deuterium and looked hopefully for neutrons, but were disappointed. Cousins
and Ware [1], working under G. P, Thomson, passed currents of up to 15,000 A in a toroidal discharge and observed
the pinch effect which had in argon and hydrogen been studied 10 years earlier by Tonks, They found that the pinch
discharge wandered backwards and forwards across the torus, thus demonstrating one of the modes of instability of .
pinched discharges, At Oxford, Thonemann and his colleagues started work first on linear discharges and later on the
toroidal discharges, and also observed the pinch effect. Most of this work was published in 1951-1952,

During the period 1952-56, the work at Imperial College was moved to the Associated Electrical Industries re-
search laboratories at Aldermaston to enable its scope to expand,and the Oxford work was moved to Harwell, Car-
ruthers and Davenport observed kink instabilities in a 10-cm internal diameter glass torus [2]. The era of largerscale
torus construction then began, starting with a 30-cm diameter metal torus built to study the pinch effect with much
higher currents. In this torus currents of about 10 kA were passed for about 1073 sec, Spectroscopic measurements
were started, and from the Doppler broadening of spectral lines, ion temperatures of about 10° °K were estimated. The
kink instability was found.in this torus and it was found necessary to apply an axial B, field to stabilize the discharge
and prevent it whipping about and touching the walls,

These results were sufficiently promising to begin work in 1955 on the construction of a 1-m diameter torus
later called ZETA, with the objective of increasing the gas currents to about 100,000 A. One of the reasons for going
to a larger diameter torus was to reduce the influence of impurities from the metal walls in the discharge. At the -
same time, the A.E, I group with Ware started the construction of the "Sceptre” torus of 30-cm bore at Aldermaston.

. In April, 1956, we had the famous visit from Bulganin and Kruschev accompanied by Igor® Kurchatov, Ihad not
met Kurchatov before, but was greatly impressed by his intelligence and by his eagerness to talk about collaboration
in atomic energy work, and we had a very animated discussion at the top of the Athenaeum staircase where he was
able to go much further than I could reciprocate, having had no idea of the way the discussion would go. He suggested
that he should deliver a lecture at Harwell, and I agreed to arrange this, On April 25, Kurchatov delivered his lecture
in the Harwell Conference Room, describing work at the Atomic Energy Institute in Moscow on a linear unstabilized
pinch discharge, Peak currents, ranging from 100 kA to 2 million A had been passed through straight tubes of diam-
eters up to 50 cm in a variety of gases from hydrogen up to xenon. Theoretical calculations prior to the experimental
work had suggested that the increase of temperature due to the compression in the pinch effect should take tempera-
tures up to a level where the D — D reaction should produce powerful bursts of neutrons, High-speed photography pro-
duced pictures showing the rapid contraction of the discharge and subsequent oscillations, and in 1952, soon after the
experiments with pinch discharge were started, it was found that the discharge in deuterium became a source of neu-
rons. Neutrons were always observed in short pulses with a steep front, Although it was thought at first that the be-
havior of the neutrons could be explained by a controlled thermonuclear mechanism, serious doubts began to appear
when it was found that the neutrons appeared at currents well below that calculated to produce a thermonuclear re-
action, It was found that no neutrons appeared during the first contraction, They appeared at the second contraction,
and it was thought that instabilities were producing electric fields along the axis of the discharge tube which could
speed up deuterons by a direct process and so lead to neutron production by the D— D reaction in the classical, non-
thermonuclear way,

By September, 1957, ZETA had been built and operated for a month or so, and a conference was held at Prince-
ton in October at which our results, as well as USA results in this field were described. With currents of 200,000 A,
Doppler width measurements of impurity ion spectra suggested ion temperatures of up to 5 million degrees and neutron
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production was observed for the first time in stabilized pinch discharges. Soon after this, the Harwell results and
some USA results were published in a note in Nature, This first lifting of the veil on British and American research
aroused tremendous interest in the press, and led to too much optimism about prospects of fusion power in the near
future,

The point of greatest popular interest was whether the neutrons observed were due to a "true controlled thermo-
nuclear reaction.” The note published in Nature [3] stated specifically that "the neutron flux so far obtained was in-
sufficient to obtain a sufficient accuracy of measurement to show that a thermonuclear process was responsible for
the neutrons.” We emphasized time and time again that many years of intensive work would be required to obtain a
laboratory thermonuclear device which would produce more energy than it consumned, and that after this it would
take many more years to develop a full-scale power producing unit [4]. We were not believed.

AlL of this was a precursor to the very exciting 1958 Geneva Conference on the Peaceful Uses of Atomic Energy
when, for the first time, C.T.R, work was fully discussed between East and West, and a dazzling display of model
C.T.R. devices actually working was produced by the Americans, unveiling for the first time the Princeton Stellarator,
the Livermore Mirror Machine, the Los Alamos Scylla, the Oak Ridge DCX, while the Russian scientists had models of
their OGRA, and ALPHA — a similar machine to ZETA — constructed in-the remarkably short time of 6 months — a
terrific feat. In spite of this wealth of revelation, the elusive "true thermonuclear reaction” was not claimed or pro-
duced, By this time, we had become much more aware of the ways in whichD—D fusion reactions could be produced
by other mechanisms,

One of the great advantages of this declassification of C.T.R. work was that it enabled us to follow up my dis-
cussions with Igor® Kurchatov in London, and I was invited by him to visit his Atomic Energy Research Institute in
Moscow in November, 1958, Together with Dr, Thoneman, Mr. Pease, and other colleagues, we flew to Moscow in
the fast T.U. jet on November 8, 1958, and I was warmly welcomed by Kurchatov and members of the Academy of
Sciences, During the following week we studied the work of the Kurchatov Institute on Controlled Fusion, and were
greatly impressed by the variety of devices being studied, especially the high density of equipment and the great en-
thusiasm of the workers, This was quite clearly a reflection of the enthusiasm and drive of Kurchatov. We were enter-
tained to lunch at his house in the grounds of the Institute, where I met Mrs, Kurchatov, a sister of Professor Sinelnikov,
whom I knew well during the time he worked with Kapitza in Cambridge. My colleagues were also able to visit the
Electrotechnical Institute in Leningrad while I visited Dubna.
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i Our visit to Russia was returned by a visit of the

! Current in - ; o USSR delegation to Harwell in April, 1959 and, in turn, a
discharge delegation of Harwell/Culham physicists led by Dr. John

7% § Adams has been to Russia very recently for discussions on

USSR and U.K. work. The initiative of Igor' Kurchatov of

April. 1956 has therefore borne fruit and is. contributing to

international collaboration in this field.

Three yea,rs after the Geneva conference,. there was
another stocktaking at the Saliburg conference, last August..
During the preceding 3 years there had been a'marked de-
veloprnent of techniques for finding out what was going on
in the high-temperaturé discharges. Radiation losses in
the infrared from plasma are measured by an infrared spec-
twometer viewing the plasma from 10 cm away, and are
now using a semiconducting detector of n type indium
antimonide, making use of cyclotron resonance. This has
the advantage of a microsecond response time, and enables
time resolved measurements of radiation to be made in
the wavelength region 0.1-2 mm, Electrostatic analyzers
measure the spectrum of electrons hitting the walls of the
discharge tube. Vacuum ultraviolet spectrometers have
enormously increased-the selection of spectral lines avail-
able for diagnostics; moreover, accurate measurements of
line widths and of continuous intensities are now possible
in this spectral region [A (VIII), Xe (IX)].

To get rid of troublesome power arcs at the walls, a cor-
rugated stainless steel liner had been fitted, the stainless
steel being so thin that the liner did not short circuit the
discharge appreciably.. This also enabled the interior to be
baked out and a better vacuum, of the order of 10”¢ mm Hg
to be obtained. A larger condenser bank was installed, al-
lowing currents of up to 900,000 A to be passed and results
were given at Salzburg for several hundred thousand dis-
charges of between 200 and 600 kA with B, fields of 1800
gauss with no electrical breakdowns of the torus.

Fig. 2. Variation of intensities of the spectral lines

for ionization of argon ions in a deuterium-plasma, As a result of the improvement in diagnostic tech-
Pressure D, = 0.5 4 Hg; argon addition 10%; battery niques and better behavior of ZETA, many more measure-
with energy 3 MJ; V = 10 kv; B, = 800 G _ ments could be made and two main sources of energy loss

were identified. One mechanism of loss is through radia-
tion loss from impurity ions. This radiation is almost all in the ultraviolet <1600 A, Figure 1 shows that the radiation
loss varies between 10% and 100% of the input energy as the initial gas pressure increases,

At low pressures of less than about 1 millitorr, Gibson and Mason detected the plasma close to the walls by
probe measurements, so the plasma crosses:the lines of force which ought, on a simple classical picture, to result in
slow diffusion across the lines. The electron density close t6 the walls was shown to be about3 - 1013 ¢m ™3 The energy of
electrons reaching the walls was measured by an electrostatic analyzer, They had a Maxwellian temperature distribu-
tion with energies ranging from 15-50 eV, depending on pressure and contamination, High electron tempetatures '
were observed at low pressures, At § millitorr they had only a few €V, and only a small proportion of the energy was
lost in this way. The plasma diffusion was observed together with electrical field fluctuations. The fields are of the
order of 50 V/cm, and are principally transverse to B. The well-known E X B diffusion of plasma as a whole takes
place. This mass motion has also been observed spectroscopically, the Doppler width of spectia of tracer elements
fit a model in which (under the conditions of the experiment), the random motion of the ion correspbnds toa temperé-

ture of 100 eV common to all jons, and a mass velocity of about 10° cm/ sec in agreement with electric field measure-
ments [5]. ‘ :
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30 , Still more striking evidence was provided by spec-
troscopic analysis of the life history of impurity ions in

& /Q\\ plasma, Figure 2 shows thé successive excitation of spec-
b / s tral lines of added tracer elements, The intensity rises to
‘ / /"’ ~M\\\ *\ " a maximam and then decreases as the next ion species is
! ’{ / ; N produced, These measurements provide evidence for the

| ‘%’/ / \ variation of plasma density, and show that in addition to

N oo X the so-called pump-out effect — loss of plasma to the

\ N \ walls — there is an injectior_l of cold gas from the walls
\_Q\_ N through evaporation and unipolar arcs, so that the total
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amount of gas in the plasma rises to a maximum and then
falls again (Fig. 3). When the plasma line density falls to
6 * 10 cm™, there is an abrupt termination of current
and simultaneously a runaway of electrons leading to x-
ray emission and a large paft of the total energy in the
torus at the end of the pulse is dissipated by this mecha-
nism, Electron temperatures in the plasma have been
measured by microwave, infrared, and ulraviolet spectro-
scopic techniques, and are between 2 and 4 * 10° °C. The
general result of 2 years work with ZETA was therefore a
marked growth of understanding of plasma physics, but
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The United Kingdom atomic energy work on C.T.R,
Fig. 3. Variation of linear density of the plasma de- is in future to be transferred to the new Culham Research
termined according to spectroscopic data as a func- Establishment, directed by D;, John Adams. This labora-
tion of time, 8 is the ratio of the component By to tory is to be a completely open research establishment and
the initial value By of the stabilizing magnetic field, scientists from any country will be welcome there; the
0) 4.9; x)3.8; A)3.0; e)1.9, Establishment will especially hope to receive scientists
' from the Kurchatov Institute,

Among the equipment to be installéd for plasma research will be an improved version of the Phoenix device
described at Salzburg and developed by AWRE, Aldermaston. Phoenix is an injection mirror machine, In this machine
neutral hydrogen atoms produced by dissociation of 90-keV H{ ions are fired into the machine. In the process of
molecular dissociation, a small proportion of neutral atoms are formed at higher excited levels, and these atoms are
then ionized by the Lorentz force on entering the mirror magnetic field, The probability of ionization depends on
the vector product of the speed of the particles and the intensity of the magnetic field, The effect of the Lorentz
ionization is to increase the initial rate of plasma buildup several hundred times.

Another device to be installed at Culham is the cusp geometry experiment. In this experiment, the plasma is
generated and preheated by two colliding shock waves, and is then adiabatically compressed by rapidly developing a
cusp field around it. Plasma densities greater than 10* ions/ cm® have been obtained so far at relatively low tempera-
tures of 200,000°C, So far, no large-scale instabilities have been observed in the equilibrium phase when the mag-
netic pressure and plasma pressure are about equal.

Work on the theta pinch is also to be transferred to Culham using a new low induction 1-MJ jet cendenser
bank., The plasma in the first device has been found to rotate with peripheral speeds of up to 2 * 107 ¢cin/ sec, and
this leads to instabilities in which the plasma splits into two cylinders which rotate about a common axis,

All this work and the work of many other laboratories shows that plasma physics continues to be a field of re-
search of great interest. In pursuing this, we have a clear long-term goal of tremendous importance to mankind, and
we have now the advantage of unhindered international cooperation. For his contributions and interest in this field
we will always remember Igor' Kurchatov,
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CYCLOTRON INSTABILITY IN OGRA

V. I.Pistunovich

Translated from Atomnaya ﬁnergiya, Vol. 14, No. 1,
pp. 12-81, January, 1963
Original article submitted November 12, 1962

Introduction

It is now known that a plasma with an anisotropic veloclty distribution function (ions or electrons) can be un-
stable, The effect of a temperature anisotropy on the excitation of transverse oscillations in a uniform plasma has
been studied in a number of papers [1-3], and it has been shown that the plasma becomes more stable as the pressure

‘ 8mnT
is reduced. If the plasma pressure is smaller than the magnetic pressure ( 8= T << 1) the thermal velocity of

the ions (electrons) vy is much smaller than the Alfvén velocity va, and only a small fraction of the particles have
velocities of the order of the wave phase velocity, Only particles that fall into resonance with the wave that can ef-

fectively exchange energy with it and excite oscillations, Thus, when B = %:L << 1, the plasma is essentially stable
A
with respect to the excitation of transverse oscillations,

When B << 1, it is of interest to consider longitudinal oscillations. It has been shown in [4,5] that a uniform
anisotropic plasma can be unstable against the excitation of longitudinal oscillations for small values of 8, with the
instability developing at frequencies close to the ion cyclotron frequency (electron) and its harmonics (the so-called
cyclotron instability).

In the present work we consider the cyclotron 1nstab111ty of a uniform anisotropic plasma in connection with
certain observations in Ogra which have indicated the existence of high electric fields at the cyclotron frequencies
of the molecular and atomic ions. The maximum value of the growth rate for the instability for a cold plasma (elec-
tron temperature T = 0) is determined by the most unstable perturbation; it is shown that increasing T, leads to a
stabilization of the plasma with respect to perturbations of this kind. We also carry out a qualitative comparison of
the experimental results obtained with Ogra and the predictions of the theory for an infinite plasma.

Theory

We consider a fully ionized uniform plasma in a fixed magneuc field H . The dispersion equation for the
longitudinal oscillations in such a plasma is obtained by. solving the kinetic equation together with Maxwell's equa-
tions, In analyzing longitudinal oscillations, we make use of the condition that |rot E [<< [div E | , where E is the
electric field of the perturbation. In this case, only one equation remains in the set of Maxwell equations:

2
divE = 4x z €ala, )
a=1

where a = 1, 2 (electrons, ions); ey, Mg, and ny are, respectively, the charge, mass, and density of particles of type
o. We introduce the following notation: f (1, r, v) is a small correction to the equilibrium distribution function
foa(v), v, 6, and v,, are the cylindrical coordinate system in ve10c1ty space; Wy and Wpq are the cyclotron fre-
quency and plasma frequency, respectively, The z axis is chosen in the direction of the external magnetic field,
Then we have

fa g 3fq g
TR vcosO——+051n6 —l—v,a—z—
ata a foa
_ _* __ __ 2
OHe 75 mg E ov )
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2
divE=4n Y ¢ S]‘adv. 3)

a=1

We solve (2) and (3) by integrating along the trajectory of the unperturbed motion, assumning that the potential ¥,
which is defined by

—Vy, (4)
varies in space and time in accordance with etkr—i0!_ Using the familiar recursion relations for the Bessel functions,
after some simple calculations we obtain the dispersion equation for longitudinal plasma oscillations, the equilibrium

distribution of which is described by the function f 0 (v) normalized to umty( S fodv = 1)

2 ' ) - -
2 — 2 xU dv, MOy, r’i/“ afs ) : :
kE* = 2n ‘12__'1 (Dpa (3) vdv m_Z— J (mHG) S m—mea__kzv,z. ( 5 + k e, 7, | 5)

The dispersion equation (5) can be obtained from the general expression for the dielectric tensor BOLB by settmg £,
equal to zero [5],

We now consider the case in wh1ch the plasma contains fast ions (half of these move along a helix in the direc-
tion of the magnetic field, and the other half against the magnenc field) and of electrons, characterized by the tem-
perature T, i.e.,

8o — .
. f;-)—' 431.0 [6(0 —Ul)+6( 1)]1

vz—l—vg

4 TTRE T,

fg: 3/‘3 € ?‘1 UT= £ .
. (23-[) ZU,I-. ‘ me

Since we are interested in perturbations with wavelengths appreciably greater than the electron Larmor radius Pe (1t
will be shown below that the wavelength of the most unstable oscillation is of the order of the jon Larmor radxus P
in the summation of (5) for the electrons it is sufficient to take only the m = 0 (kyP e << 1) term, - For the ions in the
frequency region w ~ mwyj ¥ k,v, , the basic contribution is due to the resonance terms, whose- denominators vanish,
Hence, the sum can be replaced by the mth term, Carrying out the mtegrauon over velocity in (5), and writing

(6)

w
3>
fszvm 1, w¢ have
w2 o .
2__ pe . O p1, mk, 3J%, (¢) [ 1 L 1
1+ﬁ T w? a)pe+ 2 Lk, ot X O — mog;— kv © m—mei—|—k2vlJ +
| .y 1 | | M
2
() 3 ((’~"“m('~)Hi—If:vl)2 + ((9‘—”“1)Hz+k Z’1)2:] } ’
©? 9
) . k kv 4mwen
where g = ‘/ 5 k“ua T = f, = m—m ; Jm(t) is the Bessel function of mth order ‘”pe m—ee- .

It follows from Eq. (7) that waves propagating along the magneuc field (ky = 0) are stable, The so-called
obhque waves (8 # 0) are unstable, : ;

We consider the frequency region w ~ muwy; - kv, for g << 1 and'Te = 0. 'Equation (7)-assumes the form

w2 w2, J2 (1) '
2__ pe pi‘m = 8
1+B w2 +2((1) O)HI—}-szl)z_F((D). ( )
It then follows that the plasma can be unstable when
1+ p? < F(0) Q)

for any values of w. The function F(w) has a minimum at w = w,, where
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m(l)Hi—k'zUI
3 ) (10)
m,
1+ l/ oig i (8) ,

Consequently, the criterion for the development of an instability (9) is

(l)l=

R0 3 fr————
fpec — P ,]/_m_e 2 ] : :
<G [V 0] @y
We determine the growth rate of the instability, We first introduce the new variable
| g=m— Ko '
- O 0y ‘ (12)

. . o kv, 82
and the following notation: § — 2% . p K01 . o my o 2 Then, Eq, (8) assumes the form
8 , 0 wg; ' f O’ v 2M Tu(t); s 14-p2- “®
1 1 v
(m—h—a)r = & TG @3
o m—h—z=-—""_ whenws> 0, The maximum value of the growth rate is obtained by taking y /x® << 572,
o v
‘/S Tt
expanding the square root in the small parameter, and solving the cubic equation
. . 14
x3+(s——'m—{—h)x~—}—~;—s3=0. (4
e '
From the condition s —m -+ < 3¢ 5/? we find
: V3 ¥ S—m-h-
Imm:-—2— [sl/ﬁ‘]f#(t)—-- 3 J O;. (15)
It is evident that the growth rate is a maximum when
16
S=m~—/ (16)
and this maximum is
V3 %/ m, ,
(Im o) max= 5~ )/ 4 Vire S (t) o;. 1mn
-5 3/ N
The growth rate is reduced when v/x*3s?ands—m+h> 3s I/-Z:
m, —h 9
Imo=) Je—=l"2 0% ;7 (tyop. 18
2M Y st (— )2 YV 1Fpe n (B om (18)

It follows from Eq. (16) that the most unstable waves are those for which

k o2
==V 1. (19)

The physical picture for the development of the cyclotron instability is the following: As the plasma density
increases, so that the electron Langmuir frequency becomes comparable with the ion cyclotron frequency and greater
[when Eq. (11) is satisfied], a resonance occurs between the frequency of rotation of the ions and the longitudinal
(Langmuir) oscillations of the electrons. This means that any small perturbation of the plasma density increases rapid-
ly. (The field increases threefold in a time T ~ 30wﬁi sec.) The oscillations of the plasma density cause strong
longitudinal electric fields. As is evident from (19), at the outset waves that propagate at a small angle with respect

to the magnetic field (k, << k,) are excited; then, more oblique waves propagate (k,, ~ k).
g X Z q propag X v

It follows from the expression for the maximum growth rate (17) that the most unstable wave is the one for
which m = 1, and for which the wavelength is of the order of the ion Larmor radius Ay mmp i), since the Bessel func-
tion J(t) for m # 0 reaches a maximum value for m = 1 and t = kyPj = 2. For a fixed value of t; the growth rate
(17) falls off monotonically as m increase_s beyond the value of two, -
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LA g The velocity vy does not affect the maximum value of
7 s - I the growth rate (kyvy << wyyq), but merely shifts the boundary
- :
§ SR . of the instability (11). Also, for the experimental conditions
x .
4 o in Ogra, the term kzv; <<wyj. Hence, in all the following ex-
o LA i pressions, we eliminate the term kgvy,
2 x ~
&x 4 We now consider the case in which 8 3 1 and x 2V Us,
’0-; % -&,2"(—1’-3 In place of Eq. (13) we have
x .
§ EAR: ' 1 1 v  mpu
4 ¥ m_E e @m0 (20)
X
2 - where
x
, :
10-5 é ) n= kyuy | _. e aJ% (1) )
8 4 ' og;’ SM ot
3 XX , :
4 x//x Solving Eq. (20), we have
x
2 V vms ‘/ u?  misp?
2 1{ 6§81 2 4 fsm z ﬂl’ Im‘*’*,/s?mg & po—m 0me G
[il'lj =I/mA Iinj =70 mA . Thus, as B = ky/ ky increases, the growth rate is reduced.

~ We now examine the effect of the electron temperature
(T = 0) on the development of the cyclotron instability. When
B << 1, we have from Eq. (7)

Fig. 1." The magnetic field measured by the loop
antenna at frequency fl = 2,2 Mc as a function of
the density of fast ions N [E = 160-keV; Icon 1.5

.kA. Iinj = 0.5-110 mA; p = (1-6) * 10”7 mm Hg; 1 1_ v em—n) ' ('22)

= 0]. ' Tm—z) ~ & A TYT
Since € << 1 when kv << Wpe: assuming that

“‘po

- @ 2
l)e 2'« Svp

bNVz Am/e k

in place of Eq. (17) we obtain the following value for the growth rate:

87213 (¢ .
lmm~—3‘/ ——t '"()CO f-—~wr. (23)
o 12(1-+ B2

As Te increases, the growth rate diminishes. The magnitude of the thermal spread of the electrons for which
the growth rate of the instability becomes vanishingly small is approximately

ko, ~mogy;.
On the other hand, if the ions move along the magnetic field with velocities satisfying the relation
U—UusS U<+,

i.e., if there is some thermal spread u, the instability vanishes if the following condition is satisfied:

14—

mWOY;  m, m%}h <xvo> (24)

o2, 2M  jZye OH;i

where 82 << 1 and k,vy << mwyj.

Similarly, using the dispersion equation (5), we can show that if the ion velocity distribution is of the form

%

ﬂ.’ ___1__0 2ui 21"12\ ,

(27) /QU_LUH

while the electrons are cold (T, = 0), then making the approximation T, / T| > 10 and @ — mwy; >> 1/_§kzv|| , we ob-
tain results which, to within a numberical factor, agree with those given above [(11), (17), (18)]. Thus, in making a

qualitative comparison of the theory and experimental results, we can use the results of calculations obtained in which
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U mv the ion distribution function is assumed to be a § -function if
Z . the relation Tl/T” > 10 is satisfied in Ogra, where T is
7082 L ‘2,: " the mean kinetic temperature of the transverse ion motion.
£ i : A Experimental Results
4 b : - ‘x/ Earlier measurements of the electric fields at the cyclo-
2l ! ) / tron frequencies of molecular and atomic ions carried out in
l /}" ' Ogra by means of a spectrum analyzer [6] showed a nontrivial
1 /Al dependence of the amplitude of the high-frequency field on
g_ ki the density of fast particles [7]. The intensity of the field at
¢ & the Hy ion cyclotron frequency as a function of density ex-
X /s hibited a rise for injection currents Iin; > 10 mA as com-
z > 2 pared with currents € 10 mA; on the other hand, there was no
singularity in the dependence of the total density of fast jons
7§ 5 or the density of atomic ions on current in this region,
% Y ! 5 In order to interpret the nature of the field oscillations
5 / ' i : at the cyclotron frequencies, we carried out a number of spe-
2 x/xi - ' cial experiments, Using a loop antenna located in the central
ok fx | region of the Ogra chamber, we measured the magnetic com-
’8——)(-2& +H——i ponent of the field. The dependence of the magnetic field at
50,7 P B R i T R 1 the cyclotron frequency for the molecular ions (f1=2.2 Me)
t ¥ on the density of fast fons N (in relative units) is shown in
]inj:m mA Fig, 1. In this same mode of operation we obtain the depend-
Fig. 2. The signal received by the rod antenna at ence on N of the signal measured by a rod antenna (Fig. 2).It
frequency f; = 2,2 Mc as a function of N [E = 160 is evident from these figures that the magnetic component of
keV; T oo —1.5 KA; Ijpj = 0.5-110 mA; p = (1-6) the high-frequency field increases in approximate proportion
* 107" mm Hg; Uc = 0] to the density over the entire range of variation, However,

at injection currents greater than approximately 10 mA, the
electrical component of the field exhibits a sharp rise. This may indicate that at some critical value of N the elec-
tric component of the field in the plasma becomes greater than the magnetic comporent, i,e,, in addition to the elec-
tromagnetic wave, there are electric fields (the so-called longitudinal oscillations) associated with oscillations of the
plasma density. The linear growth of magnetic field with increasing density indicates the bunching of ions.. It is
known that the radiation produced by charges moving in a circle is proportional to the charge density if the charges
are phased (coherent radiation),

We now estimate the magnetic field produced by ions moving in a circle in free space, The magnetic field
due to a single particle is

W, 0.
~ H<IT
cli?

sin 0,

where wpy and pyy are, respectively, the gyration frequency and the radius of the circle traversed by the charge e; R
is the distance from the center of the circle to the point of observation; 8 is the angle between the axis of rotation
and the line connecting the center of the circle to the point of observation, If wy = 1.4 107 sec™?, PH = 25 cm,
R =10? cm, = /2, the field due to a single H ion is

H ~ 10715 gauss,

In incoherent radiation due to many particles, 1/-1_{_—2.&*/-13_ where N is the total number of radiated particles,
If N; = 10 (the number of Hj ions in Ogra), H ~ 1078 gauss, The measured values of magnetic field for ion densi-
ties of approximately 107 cm™® are found to lie in the range 5+ 1070 t0 8 - 1074 gauss, which is four or five orders of
magnitude greater than the value obtained by the estimate given above, which applies for free space. Actually, the
ions move in a volume enclosed by metal, Hence, in computing the magnitude of the oscillating electromagnetic
field produced by the ions, one should take account of the actual boundary conditions. The solution of this problem
would involve considerable mathematical difficulty; on the other hand, the measured values of the field differ from
the estimate given above by several orders of magnitude, and it would be difficult to attribute the effect to the boun-
dary conditions alone, For this reason, these calculations were not carried out. The large discrepancy can be
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Fig. 3. The distribution of H; ions over longitudinal
velocity measured in the central region: solid line,

Iiﬂ] = 100 mA; broken line, Im] =2 mA,
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Fig, 4. The signal picked up by the rod antenna as
a function of the injected current [E = 160 keV; Ioqp
= —1.5 kKA;. p = (0.8-3) * 10" mm Hg; U = 0. O,
f1=22Mc; X, f,=4.4Mc.

explained qualitatively if one assumnes that the ions form
bunches and radiate coherently. The current of molecu-
lar ions injected into Ogra does not have frequency com-
ponents beyond 0.8 Mc., Furthermore, it is possible to
operate the ion source so that the current spectrum con-
tains no frequencies above 2 Mc, However, it is found
that even under these conditions the antennas record sig-
nals at the frequency f, = 4,4 Mc. In order to understand
how molecular ions in Ogra can form bunches, and to ex-
plain the observed dependence of high-frequency electric
and magnetic fields on ion density, we must postulate
some Imechanism which is responsible for the excitation of
intense oscillations at the ion-cyclotron frequency. Such
a mechanism is the cyclotron instability described above,
As far as the anisotropy of the plasma formed by injection
of the molecular ion beam in Ogra is concerned, we have
qualitative information regarding the ion distribution for
H; measured over longitudinal velocity v, by Yu. A.
Kucheryaev and D. A. Panov, who used a collimated radial
probe located in the central portion of Ogra (Fig. 3). If
we assume that the transverse ion temperature T, is equal
to the kinetic energy Mv2 /2 while the longitudinal tempera-
ture T} is equal to the half—wxdth of the spread in longi-
tudinal ion velocity, then for Hy with Lipj = 100 mA, we
find T, /T|-= 26. This means that the cyclotron insta-
bility can develop in Ogra if (11) is satisfied.

Since the cyclotron frequency for H; ions is f; =2.2
Mc, the inequality in (11) is satisfied at an electron density
ne > 6+ 10* cm™, To examine the existence of instability
boundaries of the plasma in Ogra, measurements were made
of the electric fields, at small injection currents (Fig. 4).
In this case, with I;jp; = 0.1 mA and a chamber pressure p
= 1 107 mm Hg, the plasma density is approximately 10°

[8] Measurements at frequenc1es Ie £2.2Mc and f 2
= 4 4 Mc indicate that when the current is increased from
0.1 mA there is first a strong increase in the signal at the
fundamental frequency f;, and then at the proton cyclo-
tron frequency fo An especially sharp rise is observed at
the frequency f, when the current is changed from 0.2 to
0.3 mA, in which case the signal increases by approximate-
ly a factor of 6. In spite of the large spread in the experi-
mental points (Fig. 4), it is evident that after the initial
growth of the signal there is little change, although the
plasma density continues to increase in linear fashion. Then
the field increases again, but at a smaller rate,

In Fig. 5 we show a typical oscillogram of the signal spectrum observed on the rod antenna. Similar spectra
can be observed by .connecting to the analyzer any other pickup unit located in Ogra. The magnitude of the electric
field can be estimated by means of a method suggested by D. A, Panov. In particular, if we regard the antenna as a
metal surface on which there is induced a charge with surface density o, the electric field component normal to the
surface is E = 470, where 0 = U/ wySR (here U is the voltage measured in the experiment across a resistance R; wy
is the field frequency; S is the surface area). In the case of the rod antenna we have E = 5 + 102U, For the observed
values of the signal U = 0.1 V, we find E = 50 V/¢m (Iip ® 120 mA, p~ 3° 10T mm Hg). This value is more than
two orders of magnitude greater than the electric field E = H = 0,24V/ cm obtained by meausrements with the rod
antenna. Thus, the estimate of the electric field given above supports the conclusion based on the experimental
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Phase Velocities and Wavelengths (Grid Potential Uc=0)
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results that longitudinal density waves are excited in Ogra. In order to determine the spectral composition of these
waves, we have carried out experiments with a series of foil antennas (13 elements in all) located along the axis and
in the azimuthal direction (Fig, 6), The antennas are copper sheets 1 cm in radius located at a distance of 6 cm

from the chamber walls, The signal from each antenna is transmitted from the measuring instrument by means of a
matched cable, In these éxperiments we measured the distribution of electric field in the plasma along the axis and
in the azimuthal direction, and recorded the phase shifts between two antennas, at the frequency f, = 2,2 Mc. The
experiment showed that in Ogra there are both traveling and standing density waves; the amplitudes and wavelengths
depend upon the mode of operation (injection current, pressure, grid voltage [8]). In the azimuthal direction the
waves travel in the same direction as the fast ions, It is evident from Fig. 7 that the signal on antenna 12 leads the
signal on antenna 5, The direction of propagation of the wave along the axis is not unique and depends upon the in-
jection current and the pressure, In certain modes of operation it is possible to observe two wave groups: one travels
toward the center and the other away from the center (Fig. 8). Thus, there are waves that propagate at an angle with
respect to the external magnetic field Hy .The observed phase shifts indicate the existence of a complicated wave pat-
tern in the plasma which changes with time,

The phase shifts were measured by means of a two-beam oscilloscope DEO-1 to which the signals at 2.2 Mc
from the two antennas are applied through 4 narrow band amplifier, The oscilloscope is triggered by one of the sig-
nals (in the table and in the figures the number of this antenna is indicated at the beginning),

On the screen of the oscilloscope one can see the stationary pattern of two sinusoidal signals shifted in phase
with respect to each other. If the phase shift changes with time a sine wave remains on one pattern (the signal trigger-
ing the oscilloscope), while the other pattern becomes smeared, indicating the superposition on one frame of many
single-shot measurements of phase shift. This result indicates the existence of a whole spectrum of waves at the cy-
clotron frequency,

The measured phase shifts and the computed wave lenths and phase velocities are given in the table, The wave- |
2m
length is computed from the relation A = A where A¢ is'the phase shift; x is the distance between the antennas,

and it is assumed that the wave propagates in one direction. To compute A and the phase velocity vy when Ay € 60°,
in general it is necessary to take account of the existence of two traveling waves moving in opposite directions.
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Fig. 6. Location of the foil antenmas in Ogra.

e [ I xe
2’2 4’;1" 66 58 f)?MC
Fig. 5. Oscillogram showing the spectrum of the
electric field (E = 160 keV; Icop = —0.1 KA; Lipj
=100 mA; p = 3.5 - 1077 mm Hg; U¢ =.0).

Fig. 8. Oscillogram showing the phase shift between
signals at antennas numbers 6 and 13 (the upper beam
corresponds to No, 6, the lower to No. 13): E = 160
keV; Iogn = —15 kA 3 Ijpj= 20 mA; p= 1.5 * 1077
mm Hg; U, = 0.

;, E . . Iy

In spite of the large spread of experimental points

Fig. 7. Oscillogram showing the phase shift be- and poor accuracy in the phase-shift measurements (20°),
tween signals at antennas numbers 12 and 5 (the using the table we can establish certain features of these
upper beam corresponds to No, 12, the lower to No, phenomena, First of all, as the current is reduced the
5): E =160 keV; Icop = —1.5 KA; Ijpnj = 20 mA; p length of the wave propagating along the axis is reduced
= 1.5+ 107" mm Hg; Uc = 0. from approximately 24 to 4-6 m, while the wavelength

in the azimuthal direction increases from 1.4 to 4 m (at small currents the azimuthal phase shift cannot be detected).
In other words, as the plasma density increases, waves with greater obliqueness (kx/ kg # 0) are excited, in qualitative
agreement with Eq. (19) which, strictly speaking, applies to an infinite plasma.

Second, to within the experimental errors the observed azimuthal wavelengths are found to be approximately
an integral fraction of the circumference (I =4 m) art the radius at which the antennas are located, As the injection
current is changed the wavelength changes in discrete steps,

Third, from the table and the oscillogram (cf. for example Fig, 8), it follows that as the current is increased
one not only excited individual waves, as at small cuirents, but a whole spectrum of waves with different phase velo-
cities.

The measurements of the amplitude of the electric fields along the axis and in the azimuthal direction show
that standing waves also occur in Ogra (Fig. 9). With an injection current of 5 mA, the wavelengths of these waves
along the axis is smaller than at 50 mA, as for the wavelengths of the traveling waves. The elecuic field in most
modes of operation does not vary greatly in azimuth (within 20%), i.e., we have primarily traveling waves. When a
positive potential is applied to the grids located in the mirrors the magnitude and wavelength of traveling and stand-
ing waves are both reduced.

10

Declassified and Approved For Release 2013/09/25 : CIA-RDP10-02196R000600100001-7




Declassified and Approved For Release 2013/09/25 : CIA-RDP10-02196R000600100001-7

U.m Conclusions
The experimental results reported here indicate that a cyclo-
tron instability can and does develop in Ogra. Furthermore, at the
present time, as far as we know there is no other possible explanation
for the anomalous magnitude and the dependence of electric field (at
-the cyclotron frequency) on plasma density observed experimentally,
The presence of density waves with different phase velocities can
cause electron heating and electron loss. In this regard, the fact that
the electrons can interact with the electric waves seems to be indi-
cated by experiments with an electron beam carried out by Yu. A,
Kucheryaev and D, A. Panov [9]; these experiments indicate that an
ﬁ% electron beam passing through a plasma along the magnetic field
+

loses or gains energy by virtue of interaction with waves at the cyclo-

O~

2 T 7 tron frequencies corresponding to H; and Hy ions,
4
\f On the one hand, the effect of the cyclotron instability can
? ; 4 cause ions to form bunches as a result of nonlinear effects, and these
l li {5 can lead to a more effective interaction, with the dissipation and ex-
0 100 200 300  change of energy. On the other hand, the existence of electric fields
Center of Z,cm perpendicular to the magnetic field can cause ion drift across the
chamber magnetic field when the phase velocity of these waves is approximate-

ly equal to the ion velocity. As is evident from the table, this situa-
tion can arise in certain modes of operation, For a more detailed ex-
planation of the effect of the cyclotron instability on ion loss and
electron loss, it will be necessary to carry out further investigations,
The author wishes to take this opportunity to thank I. N. Golovin for
his continued interest in this work and for a number of valuable com-
ments offered in discussions of the experimental results, E. P, Velik-
hov for help in carrying out the calculations, and A, N. Karkhov and
V. F. Nefedov for help in carrying out the measurements with Ogra. Fruitful discussions of the experiments and the
results of the calculations with colleagues working with Ogra were very helpful in determining the physical pattern of
these effects,

Fig. 9, Distribution of electric field along
the axis of the chamber at frequency f,

= 2.2 Mec [E = 160 keV; I,y = —0.1 kA; p
= (1.6-2) + 1077 mm Hg; U, = 0] for the
following values of Ijpj, mA: 1) 50; 2) 30;
3) 20; 4) 10; 5) 5.
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SCREW AND FLUTE INSTABILITIES IN A LOW-PRESSURE PLASMA *

B. Lehnert

Royal Institute of Technology, Stockholm
Translated from Atomnaya ﬁnergiya, Vol, 14, No. 1,
pp. 82-91, January, 1963

Original article submitted October 4, 1962 -

1., Introduction

Under certain conditions, a plasma can be confined in a magnetic field in the directions across the field lines,
In the particular situation where the plasma pressure is small compared to the magnetic energy density, the magnetic
field is only slightly affected by the plasma and will become close to a vacuum field, Any transverse plasma. motion
which produces noticeable distortions of the field would then increase the field energy far beyond the energy content
of the plasma, Such a motion therefore becomes energetically impossible,

However, even in a low-pressure situation there exist other types of motion by which the plasma may escape
the confinement. For these types the particles drift across the field in a way to leave the latter unchanged at the
same time, i.e,, without producing any electromagnetic induction effects, The mechanism which makes this possible
is due to an electric field and an associated transverse drift which arise from a charge separation in the plasma.

There are two ways in which this can be established in a plasma of nonuniform density, First, a separation oc-
curs when the density distributions of ions and electrons drift at different speeds across the magnetic field, at the same
time as there is a transverse density gradient in the plasma. Such conditions prevail in the "flute” instability phe-
nomenon first discussed by Rosenbluth and Longmire [1].

Secondly, a charge separation will also occur when the ion and electron distributions move at different speeds
along the magnetic field. Then, there should also exist a density gradient, both in the longitudinal and in the trans-
verse directions. An example of this is given by a "screw"-shaped disturbance which may become unstable on ac-
count of the longitudinal motion. This phenomenon has been analyzed in detail by Kadomtsev and Nedospasov [2].
Further discussions on the corresponding instability mechanism are due to Hoh and Lehnert [ 3] and Kadomtsev [4],

The purpose of the present paper is to treat some simple cases which demonstrate the close connection between
the screw and flute instability phenomena, The paper also gives a survey of different mechanisms which influence
the space charge formation, such as drift motions from gravitation and centrifugal fields and from the magnetic gradi-
ents, effects of magnetic compression and Coriolis force, and finite Larmor radius effects, A short discussion on the
influence of viscosity is also included,

2, Starting Points
The present analysis is based on the following conditions:

1, A plasma is originally assumed to be in a stationary, unperturbed state where it is confined by a static mag-
netic field B,

2, Possibly, a stationary gravitation field g = —V ‘I’g will be present, and the plasma may rotate around an axis
of symmetry at the constant and homogeneous angular velocity 8. We limit the discussion to such configurations
where g is perpendicular and @ is parallel toB.

3. The angular velocity @ is much smaller than the gyro frequencies wj = eB/m; and w, = eB/ m, of ions and
electroins (mi is the ion mass and m, is the electron mass).

4. In the unperturbed state the plasma is uniform in the direction along the magnetic field lines. The surfaces
of constant density and of constant particle energy are perpendicular to g, to the centrifugal force arising from @, and
to VB in the cases to be discussed.

5. The center of mass of the plasma is at rest in a frame which follows the unperturbed motion, Ohmic

*This paper is presented by Academician Kh, Al'fven (translated from the English).
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dissipation is very small and can be neglected as far as the motion of small perburations of the equilibrium state are
concerned,

6. Superimpose small perturbations on the stationary state, The densities nj and ne, and the velocities v and
Ve, of jons andelectrons will then be changed from their unperturbed values, Djg = Neg = N, and vjg and vey The
perturbations become flj = nj — N, fle = ne — N, ¥j = vi — vy and ¥ = ve — Ve, Analogously, the pressure tensors
are Wiy and g in the unperturbed state, and Wj =iy + ¥ and e = Mgy + T e in the perturbed state, Finally, the elec-
tric field changes from its unperturbed value Eq to E = Ey + £, The perturbations are small enough for corresponding
nonlinear effects to be neglected, :

7. The gyro periods 2n/wj and 27/ we are assumed to be much shorter than the characteristic times during
which the perturbations change appreciably, Likewise, the Larmor radii aj and ae of ions and electrons should be
much smaller than the characteristic lengths L . of the perturbations,

8. The particle density is high enough for the plasma to become electrically quasi-neutral in the sense that
l i - i, | <<| fl + e |. We assume the dielectric constant €¢ in vacuo to be much smaller than Nmj/B%,

9. The macroscopic motion which results from the perturbations is situated in planes perpendicular to the mag-
netic field, i.e., ¥ =¥, and ¥, = ¥, . (Subscripts L and || are used throughout this paper to denote the directions
perpendicular to and parallel with B.)

10. The velocities vy and v,y along the field lines either vanish or obey the conditions div v., = divy .. = 0,
10 4] 2o it g y 1oy el
They are sustained by a longitudinal electric field Eolf = eNn (¥jg]| — veoll ), which is very small since the resistivity

N is assumed to approach zero according to condition 5,

11, Since the electron mass m is much smaller than the ion mass mj, we neglect all inertia forces on electrons,
but not those which act on ions,

12. Assume the plasma pressure to be small compared to the magnetic energy density. Restrict the treatment
to such perturbations by which ionized matter moves across the magnetic field and leaves the latter unchanged at the
same time. Thus, we decouple the disturbances from such transverse modes which are of magnetohydrodynamical
character and would change the magnetic field energy (cf. Rosenbluth et al. [ 57). Consequently, we neglect the in-
duced magnetic field, but rotB ~ 0 and 9B /3t = 0, and express E = —V & in the terms of an electrostatic potential @,

3. Basic Equations
Conservation of mass and charge is expressed by

on, i
= div (nyvy), 1)

where we use subscript ¥ to indicate ions (¥ = i) and electrons (V = e) throughout this paper,
The balance of forces acting on an element of the ion or electron gas is determined by
av . .
Tyl {:—»d*t"" S (Ve  V)ve ] =qvin (B4 vy X By +
(2)

. L ;
- nymyg —divay <o nem YV (Q X @)? -
4 2nymyvy, Q.
Here, q; is the electric charge and p is a vector describing the position of the fluid element with respect to the ori-.
gin which is supposed to be situated on the axis of rotation,

Form the vector product between Eq, (2) and B, and solve the resulting equation for nyvyy, After some deduc-

tions the result becomes B
gy = yE 3 o -

B2
) o1 9 W
e T, l‘g + 5 V(@ x 0)? + 2vy X Q] X
ki | »
B . B &, , B (
e — X s - My = X —— =
¥ v divm, X Pz Ry, o7 X 4B ’

The contribution (v, - V)v, to the inertia term of Eq. (3) has been neglected on account of conditions‘S, 6, and 11,

It should be mentioned that Furth [ 6 ] has recently investigated instabilities due to finite resistivity and finite
current-carrier mass. Such effects will not be included here,

73

Declassified and Approved For Release 2013/09/25 : CIA-RDP10-02196R000600100001-7




Declassified and Approved For Release 2013/09/25 : CIA-RDP10-02196R000600100001-7

4, The Unperturbed State
Choose a frame of reference where the center of mass is at rest, as specified in condition 5. Since m, << my,

this implies that the ion gas is nearly at rest in this frame (¥ige= 0). The unperturbed equation (2) for ions then re-
duces in the transverse direction to

N ; 1N .
Epy v —zne—ng- (?N) div m,, -
~(5)v@xer

for the unperturbed electric field, A corresponding relation for the electron gas involves the velocity Veq, It repre-
sents the electric current which balances the gravitation, centrifugal,and pressure forces in the unperturbed state,

4)

5. The Perturbed State
The equation (1) of continuity can be written as

— a—n—v~div(n Vol )+ Vo V (5)
Fra v¥v] )T V| s Vily

when use is made of conditions 9 and 10, We now introduce the unperturbed electric field (4) and the perturbation
~-V3=E- Ey into Eq, (3), Further, perform an iteration process where the expression for vy 1 given by Eq. (3) is

substituted into the inertia term of the same equation. Such a process is allowed on account of condition 7, In com-
bination with Eq. (5), the result then becomes

__0:;’ — Vagpe V1, = div (nyvy ) =
TI. 1
=[v(HxB] VO + (3 ) ~mi)[g+—2—V(Q><Q)2]x

m,, . -y, -
. B.Vn, + z/_q;‘_> div [( (Ve X Q) X BJ---—;— <$>_(B X VB)-div 5, —
N ~ . _fﬂv .

( BQ>B rot(dlvnv)»-dlv&nvdivnwx NB2>—

A [P P (o) |} a5 [2(eee) T} ©

where use has been made of conditions 3, 4, 7, 9, 11, and 12.

The second term of the left-hand member of Eq. (6) produces a longitudinal convection of the surfaces of con-
stant density and is the driving force of the screw instability phenomenon. In the right-hand member of the same
equation the first term represents the electric field drift across the surfaces of constant density. It includes magnetic
compression effects, The driving forces of the flute instability phenomenon are inciuded in the second and fourth
terms of the same member. They represent transverse drifts of the surfaces of constant density due to the gravitation
field, the centrifugal force, and the magneric gradient, respectively. The main influence of Coriolis force comes
from the third term, Finite Larmor radius effects from the pressure tensor and effects of ‘viscous dissipation arise from
the fifth term, The unperturbed pressure tensor is balanced by a part of the unperturbed electric field which produces
a drift and a convection of the density distributions, as given by the sixth term. Acceleration of the guiding center
drift and inertia effects associated with the Larmor motion are represented by the seventh term, The first part of this
term can also be considered to represent electric polarization phenomena due to the inertia of ions. Finally, the last
term of Eq. (6) contains higher order contributions which can be neglected on account of conditions 3 and 7.

We shall now make a closer examination of the screw and flute instabilities in a number of special cases, The
study which follows does not make any pretention to give an exhaustive analysis of all possible types of screw and
flute instabilities of the system. Its purpose is merely to demonstrate how the mechanisms of these phenomena operate
and to draw the attention to such effects which may enhance or suppress their growth rate, The theory will be de-
veloped in terms of localized perturbations.
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6. Screw and Flute Instabilities in a Rotating Plasma of Small Thermal Energy

Assume a homogeneous magnetic field which is in the z direction of a cylindrical coordinate system (r, @, z).
Put g = 0, and assume the thermal energy and the Larmor radii of ions and electrons to be small enough for all pres-
sure terms in Eq. (6) to be neglected. A discussion on finite Larmor radius effects will be postponed to section 8,
Further, introduce ‘

Ayt 2my 2 0

where © is the z component of £ (positive or negative).

Equation (6) can now be rearranged into the form

/ ()u. .
Co- i\\, !\ ——’t——- - VV()“V/LV)

T 1 \ N N
=%V (7@ Y (my—m) [V(@ X @) 5 B]
‘ Nm AT .
div [ 2 N 9 9@
X Vi, dlv[\eBzA Vat .
Combination of equations (8) for ions and electrons yields, after some straightforward deductions,
’ CuN S d 8 N (,(D
(_>( Br T Y0 ) ag T
3 d QZ 9 * oD

[ A __ el T N T E :
(ﬂz s 5 TG o [(rAi/ oD ®)
-+ div Al @ l _
div <q) 1m~v )| =0
where = dN/Bdr and we have put Ag = 1, since me << My, Poisson's equation leads to nj =~ ne in Bq. (8) on ac-
count of condition 8. Equations which are analogous to Eq. (9) can be deduced for the density perturbations fy,.

=Aydiv(nywy )=

(8)

Considerable simplification is achieved if we now restrict ourselves to perturbations with a weak radial depend-
ence, Therefore, study normal modes where all perturbed quantities vary as exp[i(m,¥ + kyz + wt)]. The disturb-
ance then has the form of radial, screw-shaped spokes. This is a special case which does not contain all modeswhich
are possible for a screw-shaped disturbance, However, it still gives an {llustration of the main mechanism which de-
termines its growth., From Eq. (2) a dispersion relation is obtained:

1 i 5 '
®= —0t a ("I‘)‘/“’_ (10)
where
== 1‘3~er~ i My @ ruQ *Airi (11)
0] Nmm
and
| B R BA r
h_i_ o]’ = mi.l)‘:'{ (U'iv():__ 0z 1) Nm_ ——

, (12)
A

Relations (11) and (12) are independent of r when N = const » rConst,

For I > 1, the system is unstable and the perturbations oscillate with an exponentially increasing amplitude,
For I' < 1, it is stable against the present type of disturbances and the amplitude of the oscillations is limited. The
Coriolis force is represented by the last term of Eq. (11). It will always have a stabilizing influence on the disturb-
ances discussed here, provided that it gives a contribution which definitely exceeds that of kyVeqy,.

The result can be illustrated by the following limiting cases:

1. In the absence of rotation we have

2 dN N
I'=4wk, (v, —0,0)r E—’) ;
= M 'L.OZ 202 NW :
a=k,u,,. (13)
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1
Here the quantity [
kz(Vipz

3] is the time required by the ion and electron density distributions to move one
~ Veoz

wavelength 2r/ k, relative to each other along the z axis, In most cases of interest, this time is much longer than
the gyro period 21/w; of an ion. Usually we also have lVeoz| >> | Vi0z| .

For not-too-flat density distributions N, the modulus of I" becomes strongly positive, Then, there will always
exist a screw-shaped disturbance with such signs of k, and m , that I becomes positive and the system is unstable,
With (vigz — Vepz) <0, dN/dr <0, myp > 0, and k; >0, we have "> 0, and a left-handed screw instability occurs,
A similar result has earlier been obtained by Kadomtsev and Nedospasov [2] for a partially ionized gas, The driv-
ing mechanism of the screw-instability in the present fully ionized case is identical with that of the partially ionized
gas. The analysis of this section can therefore be taken as a simple illustration of the way in which this kind of in-
stability is produced.

It has to be observed that the screw instability takes its energy from the longitudinal velocities viy, and veg,
which have been assumed as given constraints, Thus, the system is not isolated and energy is extracted from external
sources.

For very flat density distributions, the modulus of I' may become less than unity and the present perturbations
are stable, The stabilization is then due to a scrambling mechanism produced by the longitudinal motion-of electrons,
somewhat similar to a situation earlier discussed in connection with flute disturbances [7].

2. In absence of longitudinal motions and with £ << wj according to condition 3, Egs. (11) and (12) instead re-
duce to ‘

. /AN
N
[= ——~2°¢_. a=2§2r& r /.
oA Nmg, (14)
‘\ dar

When the density distribution is very flat and decreases in radial direction, T" becomes strongly positive. A
"gravitation” instability will then be produced by the centrifugal force. The growth rate is given by the character-

2 .
» as expected from earlier results by Kruskal and Schwarzschild [8] and by Rosenbluth and

istic time |
o dN

R —

dr

Longmire [1], However, when the second term in Eq. (11) has to be retained, certain modes may still become stable

on account ot the saie scrambling mechanism as mentioned in case 1,

For a steep density distribution the modulus of I becomes less than unity, The assumed type of flute disturb-
ances is then stabilized by the Coriolis force even when the density decreases in radial direction [9].

It should be noted that the present problem can be solved exactly by combination of Egs. (1) and (2) and with-
out imposing the restrictions of conditions 3 and 7. With m, = 0 and vanishing thermal energies of ions and elec-
trons, the dispersion relation becomes

m o Nw; \ . 2N )
0® — < (:T,l ot Q [2 (w; + 2Q) +- T}(?\T J o0 - mypQ?(w,-+-2Q) =0, (15)

where N* = dN/dr. The three roots w, w,, and wy of this equation can easily be found. In the limit where | Q/ wil
<< 1, we obtain wje myNwi/IN', Further, w, and w; become equal to the solutions (14) and (10). Thus, the exact
solution leads to the same stability condition as already deduced in Egs. (14) and (10).

7. Magnetic Compression Effects Produced by an Inhomogeneous Magnetic Field.

Consider a cylindrically symmetric plasma column which is confined by the magnetic field from a line current
situated at the axis of the column, Perturbed as well as unperturbed quantities are assumed not to vary in the direc-
tion along the magnetic field lines. Restrict the situation to perturbations which have a characteristic length that is
much smaller than the characteristic lengths of the unperturbed plasma and of the magnetic field,

We shall only study effects of lowest order and assume the pressure tensor to be given by a scalar and isotropic
pressure, Thus, :

divmy =V, py (16)
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according to condition 4, For adiabatic changes of state it follows that

/7 LA

9 v, (—— =0.

Cart Y I m) amn
Without losing the essential features of the present problem we can achieve a considerable simplificaiion by assuming
the unperturbed plasma pressures p,, and the density N to be adiabatically distributed in the sense that p,, = const
* N¥3, The relation between the pressure and density perturbations is then immediately deduced from Eq. (17) and
becomes '

S D Py
Pe= Gty Oy =gy (18)

for all points in space,

Introduce a cylindrical coordinate system (r, ¢, z) with z along the axis of the configuration, Further, insert
expressions (18) and (16) into Eq. (6). After some straightforward deductions, and by application of conditions 4, 8,
9, 11, and 12, we arrive at :

82

62
2.~ T 2
l_ Ve 5w — (Ui —upe) V 9z 8t

Rars 19
+G 5z | D=0, (19)

where

2¢,(BX VB)
Upy = _@r—‘ s

, B d N\ N
G“ = —w; (':\T> (Uupiz — u]jez) <E) <—B—2> . (21)

Normal modes of the special form exp[i(kyz + wt)] yield a solution analogous to Eq. (10), where now

(20)

1 )
a=k, (Upi, ~ Upe,); e l'=G,,. _ (22)

Consider two cases;

- 1. For a magnetic field gradient which is much smalier than the density gradient, the sign of T" will be deter-
mined by the sign of (upj, — upe;) (AN/dr). When the magnetic field gradient and the density gradient point in op-
posite directions, as in "cusped geometry,” I becomes negative and there is always stability, When the two gradients
point in the same direction, as in "mitror geometry,” there is still stability for sufficiently small values of dN /dr, At
larger values of dN/dr, where I far exceeds unity, the system becomes unstable, Oscillations will then occur at an

. . . . dNT ?
exponentially increasing amplitude. The characteristic time of the growth rate becomes [N/ wj Uiz — Ugeg) —dr—] .

which is analogous to the rate found.in section 6 (case 2) for a rotating plasma,

2. For a magnetic field gradient which is comparable to or even exceeds the density gradient, a magnetic comn-
pression mechanism will affect the results, Observe that the solution of Eq. (6) for small values of the thermal energy
is ny/B? = const to lowest order, From this is easily understood that the surfaces of constant density will no longer
move with the first-order macroscopic and particle velocities [10]. This changes the driving forces of the instability,
This result is obvious if we for a moment assume N/ B2 equal to the same constant all over the plasma, For any mo-
tion at the velocity E X B/B?, the surfaces of constant density would then remain unaffected,

When dN/ dr and dB/ dr point in opposite directions, there is always stability; also in this case, However, if
dN/ dr and dB/ dr point in the same directions, stability is now secured by the magnetic compression effect, as soon as

B
’(dB/ an 2—(d—N/d—r) For the present magnetic field this implies that N should decrease more slowly than

1/1% in the radial direction,

8., Finite Larmor Radius Effecrs

We shall now return to the gravitation instability produced by a field g and a cenwrifugal force which both are
at right angles to a homogeneous magnetic field, Finite Larmor radius effects will be taken into account. We further
allow the characteristic length of the density distribution to become short compared to the characteristic wavelengths
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fc of the perturbations. As shown by Marshall [11] (see also [12, 13]), the pressure tensor has the transverse compo-
nents (v =i, e)

1- dv,
Toax = Pv) — 7 eBnyas ( a:u K ij) ’ >
Ty = Py ,1_B 2 (B0 V’“\ ' ’
vy = pV_L + 3 é nvav ()1' I _07- ;0 X . (24)
1 . f)J ov 7, :
Tyxy = Myyx = 4 eBnyay ( 7v T 91‘/'/ ) ’ (29

: . 2K, .
in a coordinate system (x, y, z) with z along B. The quantity gf= __"J_; 1is the square of the mean Larmor radius.
- : m,o
vV
Since aze is usually much smaller than a%, we neglect the higher-order corrections to the electron pressure tensor in
the coming discussion, :

In the present analysis we shall ireat two cases. The first concerns & plasma rotating around an axis along the
magnetic field B which is in the z direction of a cylindrical coordinate system (t, @, z). Posslbly, a gravitation field -
g may be present in the direction, W study the plasma in a frame of reference as specified in condition 5. Here
the ions are approximately at rest, since mj >> me. In this frame, the equation of motion of an ion can be rewritten
in a form identical with that in the nonrotating system, provided that the magnetic field B is substituted by the field

2mif} R

B*» =B + , and the electric fieldBEby E* = — V&(D QrAg — m”‘;/zj—ri) where A, is the ¢ component
{id

of the magnetic vector potential [14]. We can therefore use expressions (23)-(25) for the ion pressure tensor in the
rotating system if B is replaced by B*.

The second case concerns a plane configuration where a plasma is supported by a magnetlc field against gravity
in the y direction of a rectangular coordinate system (X, y, z). Here, résults are easﬂy obtamed from the fust case by

a _ 0 1 0 o
putting P a—yand-; 3¢ - ox
In the unperturbed state, the transverse ion and electron pressures are assumed to be given by the scalar quanti-
ties pjpr and pegr. According to condition 4, both the perturbed and unperturbed components of the pressure tensor
are constant along the magnetic field lines. For the sake of simplicity, we study a linear unperturbed density distri-
bution where second and higher derivatives of N vanish, Regions close to the axis of symmetry are excluded from the
analysis, We further restrict ourselves to perturbations with a negligible radial dependence. Thus, we are going to

discuss only such flute disturbances which have the form of "long spokes” extended in the radial direction.

Since the magnetic field and  are constant, the adiabatic invariance of the equivalent magnetic moment,
K;, /B*, of the ions implies that the transverse energy of the thermal motion can be written as

Kij = 1&10_1_(1-—()8) ' @8y

Here, 0, denotes the deviations from adiabatic invariance which & are at least of first order in al/f,‘ Assume Kjg,
to be constant in space : ’

Under the present conditions, Egs. (23)-(25) now yxeld
_ ,'B-rot(div &)=
miK,;
= WL [N T2 (divvy) + 2(V2v,)-VN].

= 2e B*

@n

Since pj, = niKi_L’ it is seen from Eqs, (26) and (3) that divv ; = 0 to lowest order. Only the second term of the right-
hand member of Eq, (27) therefore remains in second order, and ‘ '

1N . a3 ZANN 63D 28
—~_)B-. Y = _1___> £ady (28)
(eBZ) rot (div ;) < oAl )\ ar ) o
where Aj is defined by Eq, (7).

With vy =0, ¥ B = 0, and expression (28) inserted into Eq. (6), we obtain two equatlons for ions and elec-
trons which, after some straightforward deductions, combine to
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-4 ot Ug—-Up—ug—+Ug o
[72‘ a2 o2 .~ 3 ateps
29
& Gy 0t ualugtuy) g |@=0 (29)
drdp | r? agr rt gt -
C o
Here _> .
() ke
Ug = o YT A
_ Hig V' ey 20N’
Ui = eBiy 7@ aNA; ry >’
" ' up(a)if‘v’
nﬂd (11.'” = e W

Further, g denotes the component of the gravitation field in the radial direction of a rotating piasma or in the y di-
rection of a plane configuration, and N' stands for dN/dr or dN/ dy. '

For perturbations of the form exp[i(mq,q? + wt)], the solution of Eq. (29) becomes analogous to Eq. (10) with

_ Tl £ Q) MoMe | o QN'r
- w;r r ' _/Vmw- :
(. (g N’
—al = e e AT
7o = N .

a

(30)

The contribution from the last term of Eq. (29) does not affect the result (30) to the present order. When g = 0 and

either Q-or u, are essential, the value of w will not depend on the coordinate if it is required that rN'/N = const or
N'/tN = const, respectively.

For a plane configuration with perturbations of the form exp [1(kyx + wi)], the corresponding solution for = 0.is

1
-.—‘Q)‘/lgN,
2 gl. 1 o gN’

The stability condition is ' < 1, The result (31) has first been derived by Rosenbluth et al, [5] from the Boltz-
mann equation, and later by Roberts and Taylor [13], from a macroscopic single-fluid model. ' '

At this stage, attention should be drawn to a curiosity which is involved in the present results, In Eq. (29) we
observe that the velocities uf, ug, and u, are all equal in a plane configuration where = 0, as well as in a rotating
plasma when £ << wj. We have in fact used different notations for these velocities only to indicaté that they arise
from different effects in Eq, (6), Thus, suppose that we for a moment could neglect the off-diagonal part of the pres-
sure tensor which gives rise to u,, i.e., to the contribution of Eq. (27). Suppose also that we neglect the inertia ef-
fects of the Larmor motion. By these assumptions we drop both the fifth term and the second part of the seventh term
in the right-hand member of Eq. (6). This corresponds to dropping both u, and ug in Eq. (29), and yields a result
which happens to be formally identical with Eq. (31).

However, if we now improve our treatment and take the rate of change of momentum due to the Larmor mo-
tion into account, the term uy will enter into Eq. (29), whereas u, is still missing, Since the terms uf and ug cancel,
we now arrive at a result different from Eq. (31), namely where the first term in the expression for a is missing [15],

Finally, if we also take the off-diagonal terms in the pressure tensor into account, the velocity u, enters as
well. We then recover the stability criterion which was fourid for ug = 0 and u, = 0 and which corresponds o Eq, (31),

The ratio between the first and the second term in the expression (31) for « is

_ By N

. 32
s (32)

There is always stability when the density gradient points in the same direction as the gravitational or centrifu-
gal fields. In cases where this condition cannot be fuifilled, we examine the following special situations:
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1. In a plane configuration with £ = 0 and for flat density gradients | 9 | becomes much less than unity. Equa-
tions (31) then reduce to an earlier result by the author [7, 15]. The stability condition is

40N

. / : 33
I= IV]fi_g 1 (33)

which can be fulfilled for sufficiently small density gradients,

2, For a plane configuration with a steep density gradient, f9 i may become very large and the first term in
the expression (31) for o then dominates, This term arises from the off-diagonal elements of the pressure tenser, From
Eq. (32) we see thart this is the case when the ion Larmor energy Kj; is much larger than the work performed by the
gravitation field across the characteristic distance (N /N')of the density distribution, The stability condition reducesto

16g N
Vot 5

as found by Rosenbluth et al, [5]. This condition can be fulfilled for sufficiently steep density gradients and large
Larmor radii, :

3, For a rotating plasma with g = 0, the result (30) tends to Eq. (14) in the limit of zero Larmor radius. When
the Larmor radius is finite there is still a stabilizing contribution from Coriolis' force in addition to that arising from
finite Larmor radius effects, The former is represented by the last term in the expression (30).for & and the latter by
the second term. The ratio between these terms is 40r%/ mfpwiai, where W; is the thermal velocity of ions. Wien
the thermal velocity Wi does not exceed the velocity Qr of rotation; and aj << r, we then see that the stabilizing.ef-

fect is almost entirely provided by Coriolis* force for all modes with low values of m,.

It has to be emphasized that the present analysis only concerns a special type of perturbation. Its purpose is
merely to give some simple illustrations to the effects involved in Eq. (6). As shown by Taylor [16], perturbations of
the form rMexp (imy + iwt) provide unstable solutions to Eq. (9) in the case where Vigz = 0, Veog = 0. Whether the
Coriolis force may stabilize a rotating plasma or not depends upon the boundary conditions of the particular eigenvalue
problem to be considered. This question is out of the scope of a localized perturbation analysis, '

9. Viscous Effects Due to Collisions-

"In the previous section we have investigated off-diagonal contributions to the pressure tensor which are present
in a collisionless case, We shall now examine the contributions to the same tensor which originate from collisions
between identical particles. This produces viscous shear forces acting on the fluid motion, which is generated by the
perturbations. To lowest order like~particle collisions do not create any diffusion of the plasma across the magnetic
field.

Study the same gravitation instability as in the plane case of the previous section. To get a rough estimation
of the influence of viscous forces, we exclude very steep density gradients as well as finite Larmor radius effects in
the off-diagonal elements of the pressure temsor, According to condition 9, the viscous shear stresses are situated in
the transverse plane alone, Following Kaufman [17], we introduce the corresponding dynamic viscosity (V = i, e):

n KT Ty '
= T gezee,) _ B

)
v V\-")

where T, is the temperature and 7y is the self-collision time, The 'divergence of the pressure tensor becomes
divi,=Vp,, —uy ( —i— V (div vy) —rot? vv] (36)

when condition 4 is taken into account, Since w, >> wj, we neglect the viscous contribution from electrons henceforth,

Assume viscous dissipation to be relatively. small and substitute the lowest-order approximation of vy from Eq.(3)
into Eq. (36)., In this approximation, divvy = 0, After some straightforward deductions, it is then found from Eq. (36)
that

1 : _ Bi 1
(m) B'I'Ot (le JT,i)—— - <-€—1)‘T> v CD, (37)
when the spatial variations of the perturbations are assumed to be much steeper than those of unperturbed quantities,
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From a combination of Eq. (6) for ions and electrons and expression (37) inserted, we easily obtain

32 5t a2
2_ L 2 S Y AN
(V o2 ! Uq dz ot 1 te g (38)
) J = '
4 —
=W (Gt g ) ] =0,

Mi
A=
where A; N

is the kinematic viscosity of the ion gas and ug and Gje are defined in connection with Eq. (29)
i

for © =0,

Wwith perturbations of the form exp[i(kgx + kyy + wt)] a dispersion relation similar to Eq, (10) is obtained,
where now

kyo . 2 ‘
6= —Z — i (k3 E) (39)
and
R o7 ) A Y LR
7 ¥T=- N (k34 &) B et (40

with i = ¥=1, The corresponding expression for w is independent of 1 when N'/N = const, ~

The growth rate is suppressed by viscous dissipation, mainly from the effect of the second term of Eq. (39). The
dissipative terms of Eqs. (39) and (40) will only have a small influence on the present results when the gyro frequency.
wj of ions is much larger than the self-collision frequency 1/ Tij of ions. This is the situation in many cases of prac-
tical interest and the influence of viscosity on the development of a flute disturbance is then only of minor importance,
at least in the special situation treated here, '

10, Conclusion

The problems of this papér have demonstrated the close connection between the driving mechanisms which pro-
duce screw and flute instabilities, These mechanisms are present both in fully and in partially ionized gases, For
the latter, Kadomtsev and Nedospasov [2] have found that a screw-shaped disturbance in the positive column becomes
unstable at a certain critical magnetic field, Their analysis is in excellent agreement with experiments, The exist-
ence of a critical magnetic field depends on the special conditions of a partially ionized gas. In any case, the driv-
ing mechanism of the screw instability is the same also in a fully ionized gas, as demonstrated by the simple example
of section 6, :

The theory presented here is based on the fluid equations derived from moments of the Boltzmann equation,One
of the merits of such an approach is the physical survey-ability of the involved equations, Another is that results can
be derived with a relatively simple mathematical formalism,

As an alternative approach we could have started from the perturbation theory for the guiding center drift of in-
dividual particles. In fact, this drift also comes out explicitly from Eq. (6)[18].A correct application of such a theory
should include the flux and acceleration of the guiding center as well as of the Larmor motion, In the present prob-
lems this leads to rather involved calculations in which the approximations have to be examined thoroughly.

Even if the fluid model seems to be easier to handle in the present problems than the equations of the guiding
center drift, there still exist difficulties in the present approach. These arise mainly from the determination of the
pressure tensor, Whenever there may be doubts about the results, one should return to a direct treatment in terms of
the Boltzmann equation, :
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THE INITIAL STAGES OF THE EVOLUTION OF THE UNIVERSE

Ya. B. Zel'dovich

Translated from Atomnaya F:nergiya, Vol. 14, No. 1,
pp. 92-99, January, 1963
Original article submitted October 6, 1962

1. The Expanding Universe
The expanding universe theory is the only cosmologlcal theory completely based on physical laws that have
been firmly established by laboratory experiment.

In this theory, it is assumed that, at a definite instant of time, the density of mass was infinite. An initial
velocity distribution is predicated, for which the relative velocity of every two particles is proportional to the dist-
ance between these particles, and this velocity is in the direction of increasing distance; this type of velocity distri-
bution ensures an expansion of material as viewed from every point,

The velocity distribution varies with time corresponding to the action of the gravitational forces. The density
of material is the same in the whole of space at any instant of time and depends on the time according to the same
law, The velocity distribution is given in such a way that there is no privileged (distinguishable) point. The given
initial velocity distribution contains a single constant K, which is essentially the difference between the kinetic and
potential energies of a part of the material we imagine separated out, and the subsequent behavior of the universe
depends on this constant: For a negative K, the expansion reaches a certain limiting value and is then replaced by a
contraction, while for positive K and for K = 0 the expansion will continue indefinirely (although with a decreasing.
rate),

Astronomical observations show that, at the present time, the universe is in a state of expansion. The rate of

this expansion and its kinetic energy have been established with satisfactory accuracy, even though the value of the
velocity considered correct only 15 years ago was five to seven times the contemporary value,

For the calculation of the potential energy, however, it is necessary to know the mean density of material in
the whole of space, including the material between the galaxies, The amount of material in the stars can approxi-
mately be estimated by observation; to estimate the quantity of atomic and molecular hydrogen in intergalactic space
is very difficutt.

It therefore is not directly possible even to determine the sign of K or, consequently, the future of the universe,
This indeterminancy, however, has practically no effect on our representation of the past of the universe, The expan-
sion observable at the present time is almost certainly evidence of the fact that the density of material was very high
in the past. The rate of expansion in the far distant past is obtained from the gravitational equations, i.e., from the
condition that the kinetic energy in the past must have been just sufficient to generate the state observable at the
present, and so it is practically independent of K. Wz therefore also obtain the completely definite expression

1 0,8-10%

Gy T g2

Q= (1)

for the density of material in the past, where the density p is in g /cm? and the time t is in sec; the time zero istaken
1o be the time of infinite density; y is the Newtonian gravitational constant, *

*The formula relates to material in which the pressure is essentially lower than the energy density p c?, where cis
the velocity of light. We give an elementary derivation of the formula, and consider a sphere of radius R and mass M.
The equation of motion of a particle at the boundary is

AR M

T Y

It is easily verified that this equation has the solution R = (97 Mt?/ 2)1/ 8 This expression can be used to obtain the
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What had occurred before the time of infinite density when there was negative time t < 0? What was the
genesis of the state of infinite density with the corresponding velocity distribution ?

This question evidently lies beyond the limits of physical analysis; however, a completely rela problem isthat
of the theoretical investigation of the processes that have been occurring from the instant of infinite density up tothe
present, and the comparison of theoretical conclusions with observational results, ) ,

Certain aspects of this problem will be considered below,

The hydrodynamic criterion described above in classical language was éctually first obtained by the Soviet
scientist A. A. Fridman in 1922-1924, in the course of a rigorous solution of the equations of generalrelativity.

2. The Theory of Neutron Matter

In his consideration of the fate of stars, L. D. Landau in [1] noted that, for a compression, after a certain defi-
nite density has been attained, any material must be converted into neutrons with a small admixture of electrons and
protons,

In fact, if the nuclear density of matter is reached (1014 g/ cma), then the electrons must have a high energy
even for a temperature of absolute zero, The electrons fill all states (levels) up to the so-called Fermi energy Ef, -
which,in the case in question, is 400 MeV. For such energies, it is clear that protons are converted into neutrons:

€+ p—sn-twv,

The neutrino v that is formed freely leaves a star, The process continues until the remaining electrons no longer
have an energy Er of the order of 20 MeV; for nuclear density, this corresponds to 1-2% of electrons (relative to the
number of neutrons). There will be the same number of protons. ‘

We note that in this state the neutrons become stable; the usual decomposition
No—>p-¢ Ly

is not possible, since all the levels, into which an electron formed by such a process can fall, are occupied, In all

the reasoning, both here and in the following sections, the Pauli principle is of decisive importance, This principle
states that it is impossible to have two electrons in identical states, The electrons (as well as the protons, the neu-
trons,’and the neutrinos) are subject to the Fermi statistics.

Would it not be possible to assume that, in the first stage of the expansion of the universe, the material in the
extremely high-density state consists of cold neutrons with a small admixture of electrons and protons?

In the course of the expansion, for example in the first 10 sec, the density, as given by formula (1), will fall to
8000 g/ cm?®. For this density, small by nuclear standards, the decomposition of neutrons is already possible, The half-
life of a neutron is about 10 min, In each second, 0,1% of the neutrons decompose; in 100 sec, 10% of the neutrons
have decomposed. .The protons being formed are subjected to extremely strong radiation from the remaining neutrons,
Actually, after 100 sec , the density of the matter reaches 80 g/ cm?, of which 70 g/ cm? is neutrons, At room tem-
perature, the thermal-neutron capture cross section for hydrogen is 0,33 barn and ov = 0,33 - 10°%. 1.2 » 105 = 7.10™20
cm?/sec. For a neutron density of 1 g/ em® (which corresponds to 6 * 1028 neutrons/ cm?), the probability w of a
neutron-proton combination is '

w="T.-10"20.6.102 = 4. {04 gec L.

The life for this capture time is
T= Ao 2,0-107% sec,
w : -

For a neutron density of 70 g/ cm?®, the capture time is less, The cross section for the reaction d + n = T + y is only
one-thousandth of that for the reaction p + n = d + y, but even this reaction occurs, since the expansion takes place
slowly. The expansion from a density of 100 g/cm® to 1 g /em® takes 800 sec; the expansion from 1 g/cm®t0 0.01
g/ cm3 takes 8000 sec,

M , .

o of the mass in the volume, Here, the mass is contracted, i,e., the result is independent of the
< 3 9

- R3 . :

value of M taken for the calculation., We thus obtain the formula for p given above.

density p =
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Thus, if the original state were made up of cold neutrons, then in the decomposition the protons would have
been rapidly converted into tritium (through deuterium). Energy would have been given out which would haveraised
the temperature, and the tritium would have been consumed as a result of the thermonuclear reaction

d+T=He*+n, T+T=He! = 2n.
In any case, there would be practically no free hydrogen left,

This conclusion is in clear contradiction to everything we know concerning the state of matter in the initial
formation of the stars, At this period, matter no doubt consisted mainly of hydrogen,

Thus, the suggestion concerning the cold neutrons at superhigh density is contradicted by observation, and it
cannot be considered,

3. The Hot-Matter Theory and the Production of the Elements

Gamov, in [2], and after him Alpher and Herman in [3,4], introduced a theory according to which the matter
in its initial stage was at a very high temperature. According to this theory, even when the expansion has proceeded
rather far (for example after 700 sec, when the general density will be 1 g/ cm?), the density will be almost complete-
ly due to light quanta (or, more precisely, the x-ray quanta), corresponding to a temperature of 50 keV (i.e., 6 * 108

deg).

Thus, the substance sometimes unfortunately called material, i.e., the neutrons, makes up only an insignificant

" part of the total density — from 10*3 t0- 1078 g/ cm? according to different estimates, *

The authors’ original aim in developing their theory was to describe the presently observed distibution of various
elements and isotopes in nature,

Evidence for the rules for the propagation of the elements is based on the fact that there was a period of irradia-
tion of the nuclei by neutrons. In fact, nuclei formed with a large cross section by the capture of neutrons (and the
subsequent B -decay) were, in this period, more common than nuclei capable of being converted, by the capture of a
neutron, into other types of nuclei.,

It is assumed at present, however, that the synthesis of heavy elements by the irradiation of nuclei by neutrons
takes place in the stars, and in particular during the explosions of supernova,

The theory of Gamov, Alpher, and Herman, according to which the elements were formed in the prestar stage
when the universe was expanding from the high-density state, is thus untenable because it is impossible to go from
nuclei with A = 4 to nuclei with A = 9 by an increase in the number of neutrons, i.e., an increase in the number of
neutrons cannot yield beryllium, boron, carbon, etc., from helium (He?), This is because there is no nucleus with
A =5 (no He® or Li®); for A = 8, the 3 -decay of Li® yields Be® and there is thus an immediate conversion into 2He?

In stars, the synthesis of nuclei takes place under high-density conditions, when the reaction 3He? - c® s pos-
sible, Under the conditions of presiar expansion when neutron decomposition was occurring, deutrons were formed,
the thermonuclear reaction between deutrons yielded He%, and the density and temperature dropped far enough for
the formation of C!? and He* to become possible.

The analysis of processes occurring in the prestar stage is necessary not from the point of view of describing the
spread of the elements, but from the point of view of the composition of the matter from which stars of the first
generation were formed,

4, Processes in Hot Matter
We therefore assume that the temperature was high in the early stages. As was shown by Hayashi in [5], the
higher the temperature, the more rapidly will thermodynamic equilibrium be established.

It follows from the gravitation equations that there is a definite relation between the density and the time: p

e A «
= a/t%. We may therefore say that the characteristic time of the expansion is £~ ‘/Q .

At high temperatures, the energy density & is proportional to T#, where T is the temperature, For example, for

* When the density depends basically on the radiation, then in the expression relating the density to the time the nu-
merical coefficient is changed, and we have

5 0,45-100

2myet 12

o=
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light quanta &, = 1.35 10*T* (¢ inerg/cm’®, T in keV), The corresponding density py is
' =¥ =1,5.1077T",

Oy =3

In addition to the quagfa, there must also be an equilibriurn rumber of electrons and protons, - Their concentra-
tion is proportional to e~M¢"/ T, where mc? is the energy of a motionless electron (510 keV)., For T > mc?, the den-
sity of the energy of the electrons and protons is of the same order as that of the quanta, and also depends on the
temperature (~T%); it is equal to

Qc = 1a759y )

The electrons and protons, in their turn, are in particular, in thermodynamic equilibrium with the neutrons and
antineutrons because of the process

Here,

ov=1,75¢y.

The concentration of electrons is proportional to T® and the mean energy of an electron is ~T, - The cross sec-
tion of the reactions for the weak interaction is proportional to E?, Therefore, the time needed for-the establishment
of equilibrium is te ~ 1/T5; it is thus obvious that for high temperature te << t, the time of expansion. Later, in the
course of the expansion, the processes involved in the establishment of equilibrium become slower, After this, during
the expansion, the energies of the neutrinos and quanta decrease independently; the interchange of energy between
them stops, The relation between the energies also remains practically the same for independent expansion, since
all the relativistic particles (those moving with the Velocity of light) have their energy decreased as time passes in
the expanding space, -

We may therefore assume that, from the time when the temperature and density are still high, there remain
neutrinos of the second kind® and quanta of the gravitational field,

On the whole, it must be assumed that, for a total density p < 100 g /cm® we have
Q= agy,

where p s the total density of all forms of relativistic particles, Py is the density of electromagnetic quanta, and o
is in the interval 14+ 1,756 < a < 1+ 1,75+ 1+ 1,75, *#

Taking o = 4, we obtain the final law for the variation of the temperature from the relations

. —' 6 . ‘ 7 .
Q=0,43210 v y=1,5-107T% ang 0=4g,:
950 ‘
T—-ﬁ'

What happens to nucleons in such a boiling cauldron of quanta, electrons, positrons, neutrinos, and antineutrinos? The
reactions
n Zptetv, vinZpie

et--n ptw

’

occur, For high temperatures, the rates of all processes are high compared with the rate of expansion, and so thermo-
dvnamic equilibrium is established, The number of nucleons is negligible in comparison with the number of et and
e”, v and ¥; with good accuracy the number of particles and antiparticles are therefore identical. Under these condi-
tions, the equilibrium relation between the neutrons and protons is

_n_ = e—C2Am/T
— € ,

* The existence of two different kinds of neutrinos, related to electrons and u -mesons, respectively, was recently
proved éxperimentally [6].

* ¢ The lower limit corresponds to y and v, the upper limit to —Y . Ve, to gravitons, and Vo
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where Am is the difference between the mass of a neutron and that of a proton (note that we are considering the
mass of a proton and not the mass of an atom of hydrogen). 'We have c?Am = 1300 keV, For lower temperatures, the
concentration and energy of the e* and e”, and also of the ¥ and ¥ decrease, and, starting at a certain time, the
ratio of the concentrations of n and p ceases to follow a regular law. It has been found by calculation [5] that the
ratio becomes constant and equal to n/p = Y, (which corresponds to an effective temperature of ~900 keV) a few
seconds after t = 0. After this, the neutron concentration decreases only as a resuit of spomaneous decay and capture
n+p=d+y.

5. Difficulties in Gamov's Theory
If the nucleon density is sufficiently high, then practlcally all the neutrons surviving to the end of the fast proc-
esses will turn into duterium and, further, by thermonuclear reactions, into He?, The initial state with a ratio n/p
=Y, leads to the relation He#/ p = 0,5/ 3, i.e., to 40% He* and 60% hydrogen by weight (see [5]). Such a state is in-
admissible,

It is believed that He*/H = 0.2-0.3 in the sun at the present, i.e,, that 17-23% of the total weight is He%, After
5+ 10° years of maintaining the observed brightness, about 5% by weight of the hydrogen will be consumed and con-
verted into He*, so that the initial state must have corresponded to not more than 12-18% del If the age of the sun -
is 5+ 10° years, then it must have been formed from gas in which there was already helium produced by reactions in
the stars of the preceding generation, '

It is pointed out in [T] (with a reference to [8]) that there are stars with log He*/H (for atoms) equal to 2,22,
and this corresponds to 2,5% He* by weight. We cannot make any estimate of the reliability of these results. It is
essential that the mechanism that permits the consumption and destruction of the helium (but still leaves the He® 9D
be very improbable,

It is evident that the theory of the prestar evolution must lead to a state with the amount of hydrogen main-
tained at not less than 90% by weight and the He? at not more than 10% by weight; in particular, the assumption of
100% pure hydrogen is completely permissible.

In order that the quantity of helium be decreased, the destruction of some of the neutrons is necessary. What
process can cause this result? There is, first of all, the process inverse to that of the decay of duterium to protons
and neutrons under the action of quanta contained in the state of radiation in thermodynamic equilibrium: y + d
=1 + P,

The rate of this process is easily found: We find the rate of change of the relative weight concentration of
deuterium:

2D
2= e
NP LID
Using the notation R for the concentration of neutrons and . — for the concentration of
si otation x = u = c -
& N+P+2D Y NipP+2D centration ot pro

tons, we obtain

dz

=06 1020, 2y — [(T) s — ¢ (T) 0,,2%

The first rerm on the right-hdnd side describes the formation of deutrons, the second describes the photodecay, The
last term gives the decrease in the concentration of deuterium due to the thermonuclear reactions d + d = t + p and
d+d=He’+n,

The first two terms must precisely compensate one another if the concentrations x, y, and z are for thermo-
dynamic equilibrium (below D, and z. refer to the equilibrium deuterium concentration):

NP 4 (mT)'2
D, 7 3 93x¥2ps
Ty /VP 1

Ze

e WT = (T);

NP 1

TN P 2D) =T 6. 10%%,, =

=3. 1023Qm1p( )

Hence, f(T) = 20v¥(T). In the expression for ¥ (T) the quantity Q is the deutron binding energy (Q = 2200 keV), and
m is the mass of the nucleon,
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The rate of the thermonuclear reaction d + d is Well known [10]. It can be approximated by the formula

{
@ (7)=17,8-10° (1 - 0,0427/1) 7~*/2p~18,8/7"/2

(according to the sum of two channels). At high temp'er_atures, the equilibrium between formation and decay israpid-
ly established; the time necessary for the establishment of equilibrium is Te= {f(T)1"%. This time must be compared
with the time of expansion 1. We give the following resuits:

t, sec T, keV 7 Tes S€C
100 95 - 1076
200 67 3. 1072
300 55 50
400 48 20,000
500 4 107

The time for the establishment of equilibrium varies extremely rapidly. It can be assumed approximately that,
for t < 320 sec, neutrons are not captured by protons, since the deuterium formed here does not decay, *

At this time, as the result of spontaneous decay, the relative concentration of neutrons has been lowered to
0.20e'32“/1000 = 0.145, which for total capture would give 29% He* by weight,

For t > 320 sec, on the other hand, we will neglect the photodecay of deuterium. ‘We will consider the compe-
tition between the decay of neutrons and the capture of their protons, We will also assume that all the neutrons cap-
tured by protons are subsequently transformed into He?,

For the neutrons we obtain 4

5= —wr—006-102%,yz =

= — 0,001z —4-10%,,yz.

W< use the symbol p, for the density of nucleons at the instant when the total density (as determined by the radiation)
is 1 g/cm® i.e., at the time t; = 670 sec, From the expansion 1aw we obtain

o t \~%z __1,7-10%,

O =2 (Z ) =T
The concentration y of protons will be taken to be equal to 0,8 (it varies only slightly), and the probability of neutron
decay will be assumed to be w = 1073, )

We integrate the equation from t = 320 sec, x = 0.145,** We thus find the proportion of neutrons captured by
protons and the amount. of He* formed as a function of the natural parameter py. For a first approximation we take
x = 0.20e"W! = 0,20e-t/1000, and then calculate the amount of helium (by weight)s* s

(He*) = 2:0,2000- 6 - 10%% S g, (t) dt.

320

*Here we decrease the amount of deuterium formed, since a part of the deuterons do not decay but take part in the
(d + dyreaction. The He?, tritium, and He? nuclei formed are much more durable than the deuterons and are not
subject to decay.
* *Corresponding to the previous footnote, a more accurate criterion for the temperature for which we must take cap-
ture into account is obtained by comparing the rate of capture (the first term in the equation for dz/ dt) with the rate
of thermonuclear reaction calculated for the equilibrium concentration of deuterium. This temperature, and the cor-
responding time, depend on pm and so on py. For py = 0.6 » 1078 calculation yields T = 52 keV and t = 320 sec; for
Py = 10" we obtain T = 74 keV and t = 160 secs while for Py = 4 we obtain T = 104 keV and t = 80 sec.

* * *By using the fact that we always have (He?) < 0.29, we obtain the better approximation

} 2,5-107Q1

(He4) = 0,29 mo,la .
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Substituting the expression for pm(t), we obtain

(He®) = 2.0,2-5,6-10%, x

—0.001-320 o ,~0,320 a9
¢ — K ¢ 5— @0, where 9=-t—ug;
/320 (14-0)"/2 320

(He*)=0,29-2,5-107,,
where 0,29 = 2+ 0,2+ ™" #0 1§ (He*) = 0,1, then p; = 1.4 + 1072, while for (He*) = 0.05 we obtain p,=0,7- 1072,

The Gamov theory thus leads to the necessity for a very low nucleon density (about 10°8 g/ cm® at the time
when the density of all forms of radiation is 1 g/ cin®,

To what results will such a small density lead?

At the present, the density of nucleons is estimated to be p, = 1072 g/cm® Wwith expansion, the density of -
radiation will decrease proportionally to pﬁ{s. Thus, if the density of nucleons decreases in the proportion 1078/ 1072°
(that is to 1/10% times its value), then the radiation density will be divided by (1023 = 10%8, and will become 10728

g/ cm?,

Thus, according to Gamov's theory, the radiation density at the present rime must.be 10 times the density of
matter. It is difficult to reconcile such a conclusion with the results concerning the age of the universe [11, 12].

About 25% of the radiation density is due to electromagnetic radiation (see the coefficient a in section 4),while
the remaining density is from neutrinos and gravitons, Thus, the density of electromagnetic radiation is 2,5 + 1072°
g/ c? ie,, 2.5+ 107%c = 2+ 10°% erg/ cm® = 13,000 eV/ cm®, This corresponds to a radiation temperature of 30°K.

For comparison, we note that the intergalactic density of starlight corresponds to an energy density of 1073 eV
per cm?®, Considering collisions of relativistic electrons with light quanta, V. L. Ginzburg and S, P, Syrovatskii in [13]
estimated the maximum electromagnetic-radiation density to be of the order of 10 eV/cm3, If this value is taken as
i : . . . 4-10- 1,6 1077
a starting point, then for all forms of radiation (the coefficient o), we find p 4 = 3100
per cm®, for pp, = 107 g/cm®, and hence for pyuq = 1, we have py = pq = 1072 (7+ 10°2)"3/4 = 9,5+ 1075, which
from the formula in the previous footnote yields (He?) = 29% by weight. In reality, if we take into account the thermo-
dynamic reaction for t < 320 sec, the value is somewhat larger,

- -32
=7-10%¢g

Thus, the results on the helium content and on the radiation density at the present time yield the conclusion
that the true Gamov hypothesis concerning the hot matter in the early stages of the evolution of the universe is some-
what improbable, o

In the light of the above, the determination of the helium content in the slowly evolving stars becomes of great
importance, as does the question of the density of the various forms of energy (electromagnetic and neutrino energy).

Gamov's theory is thus not naturally possible in the framework of the expanding universe,

6. The Proton-Matter Theory _
We can assume, for the initial state of the universe, a mixture of protons, electrons, and neutrinos in equal
quantities (the same number of each type of particle).

The idea is that the neutrinos form a Fermi distribution and fill the whole space with an energy less than the
Fermi energy Ef' depending on the density.

After this, the Pauli principle forbids the conversion of matter into neutrons by the reaction
e +p=ntv,
since the states for ¥, the energy in this reaction, are occupied,
The neutrinos stabilize the protons at high densities, and for low densities the protons stabilize themselves,

This idea cannot be applied to stars because of the loss of neutrinos, In a homogeneous universe, however, the
neutrinos cannot escape, The constancy of the neutrino density throughout space means that when a neutrino leaves
a given point it is repiaced by a neutrino arriving from another point, No answer is given to the question of where
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the neutrinos come from, just as there is no consideration in Gamov's theory of the source of the nucleons of the
high temperature. In posing the question stated in section 1, we consider the period of expansion and must specify
certain quantities that are to be conserved during the expansion or, to be more precise, we specify the characteristic
conditions of this expansion,

In addition to the entropy, according to contemporary thought, the "lepton number,” which is the sum of the
number of e” and ¥ minus the number of e* and 7, must also be conserved; this quantity is conserved in B -decay
processes, The proposed variant corresponds to the conservation of the entropy equal to zero and of a lepton number
equal to two (reiative to one nucleon).

In the light of recent results concerning the existence of two forms of neutrinos [6] (the "electron” and "muon”
types), we assume here the presence initially of electron neutrinos v ¢ forbidding the capture of electrons,

For a quantitative.treatment, it is essential that for equal densities, the Fermi energy of neutrinos is greater
than the Fermi energy of electrons. According to Landau's theory [14], a neutrino is described by a two-component
wave function, and is a "spiral” particle. This means that for a given direction of momentum, the spin of a neutrino
can have only one direction — the opposite direction to that of the momentum — whereas the spin of an electron can
have two directions, For the same momentum, the Fermi number of states of an electron is double the number of _
states of a neutrino, and so for a given number of particles per unit volume, the Fermi momentum of a neutrino is 5
times the momentum of an electron, In the relativistic case, the energy is equal to the momentum multiplied by
the velocity of light, For a proton density of 10" g/ cm?, i.e,, 6 - 10% protons/ cm?, and for equal numbers of e, ¥,
and p, the Fermi energy of electrons is 400 MeV and the Fermi energy of neutrinos is 500 MeV. The possibility of
conversion into neutrons is completely excluded.

For still higher densities of matter in the composition under consideration, some reactions are possible, for
example Vo =€ +p ty V), the formation of hyperons [15], and even the partial conversion of protons into neutrons,
when the Fermi energy of the protons becomes sufficiently high,

However, for densities many times greater than nuclear density, the time of relaxation for all processes is great-
ly shortened, and becomes much shorter than the time of expansion. Thus, when, in the course of expansion, the nu-
clear density is reached, then the composition of the matter will be at equilibrium, i.e., the matter will consist of
protomns, electrons, and neutrinos,

The assumption made leads to the conclusion that the first generation of stars, at the beginning of their evolu-
tion, consist of pure hydrogen; all the remaining elements appear as the result of subsequent processes in the depths
of the stars, . '

What is the fate of the neutrinos? 1In the expansion up to the present neutron density 10 2° g/ cm?, the Fermi
energy of the neutrinos decreases proportionally to Y0 and becomes equal to 2 * 10"% eV, The number of neutrinos
in unit volume is equal to the number of nucleons, as before. For nuclear density, the energy of the neutrinos is of
the same order as that of the electrons and nucleons; at the present, after expansion, the neutrino energy is negligibly
small compared with that of the nucleons (the latter energy is 10%% times as large as the former), At the present, the
energy of the original neutrinos is also negligibly small compared with the energy of those neutrinos that were formed
later during nuclear reactions in the stars. The present article has discussed the question of the nuclear processes in
an expanding universe. We therefore only mention some considerations concerning the mechanism that forms the stars,

We will assume thar at the initial instant the matter was strictly homogeneous. Gravitation will have a tendency
during the passage of time, to strengthen density inhomogeneities, However, as has been shown by E. M, Lifshits in
[16], the thermodynamic fluctuations of the density in homogeneous matter are too small; at the end of the time pre-
ceding the start of the present stage of the evolution, the inhomogeneities due to fluctuations would not have reached
a significant amplitude,

The assumption that, in the prestar era, matter consisted of cold hydrogen, obviates this difficulty. During the
expansion, the hydrogen is subject to phase transitions: the transition from a metal into solid, molecular hydrogen
[17) with a density of about 1 g/cm?; the explosion of solid hydrogen with the formation of the gas phase with
a density less than 0,07 g/ cm®, These phase changes enormously increase the nonuniformity of the density in com-
parison with that caused by the thermodynamic fluctuations,

The attainable inhomogeneity can be great enough for the subsequent action of gravitational instability to lead
to the separation out of stars [18].
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Conclusions
1, We have considered the difficulties of Gamov's theory, according to which the temperature was so high in
the prestar stage of evolution of the universe that the radiation density was many orders greater than the nucleon density.

2. The proposal was made that the matter consisted of a cold mixture of protons, electrons, and neutrinos,
3. The choice between these assumptions depends on the results of measuring the helium content in old stars

and on the size of the intergalactic radiation density,

Three years have passed since the death of Igor' Vasil'evich Kurchatov, He was a great, vibrant man who loved
life, who was scientifically talented, who devoted his life to Soviet science and to our country, and he was a close
friend, Both in practical and theoretical work we will remember what we were taught by Igor' Vasil'evich: toattack
the most important basic problems and to be honest, bold, and passionate in work and in life,
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THE AGE OF NUCLEI AND THE NUCLEAR SYNTHESIS TIME

V. A. Davidenko

Translated from Atomnaya F'.nergiya,Vol. 14, No. 1,
pp. 100-104, January, 1963
Original article submitted November 12, 1962

In this paper we examine methods of determining the age of nuclei, discussed with I V. Kurchatov in 19417,

To obtain more accurate determinations, a plan was developed, together with I V. Kurchatov, for measuring
the neutron cross sections and lifetimes of a number of nuclei, but these measurements were not carried out; the work
was not completed adequately and was not published. However, some of the aspects of this discussion are still of in-
terest, :

The time which has elapsed since active synthesis of nuclei ceased is denoted by the age of elements, Its value
is determined experimentally from changes in isotopic abundances in meteorites and in the Earth's crust, taking place
as a result of decay of long-life radioactive nuclei [1-5],

The use of this method naturally implies determination of the time which has elapsed since the last large-scale
phenomenon in that part of the universe closest to us occurred, as a result of which the "primary” distribution of nu-
clei in meteorites and the earth's crust was estabtished, and then remained almost unchanged, But this does not mean
that that part of the nuclei which is determined could not have been formed long before this time, or that the con-
cept of the "age of elements” has a literal meaning, It would be more correct to speak of the age of natural radio-
active nuclei, because it is this age which is determined by experiment,

Bearing this in mind, we will examine methods of determining the age of nuclei based on the "inner" relation-
ships of the isotope table, '

The determinations are carried out on the assumption that the relative isotopic abundances, observed on the
earth, correspond to the initial distribution established by the end of nuclear synthesis, Furthermore, it is assumed
that the duration of the active synthesis phase was negligibly small compared with the lifetime of natural radioactive
nuclei and, therefore, that the initial abundances of these nuclei were those which might be expected from their posi-
tion in isotope systematics [6).

Fast nuclear synthesis corresponds closest to these conditions but, as will be noted in paragraph 3, there are in-
dications that the bulk of nuclei appeared as a result of slow neutron synthesis with a characteristic time ~10° years,
However, this does not refute our assumptions,

1, There are two odd-odd radioactive nuclei, K* and Lu!™, located in the same position with respect to neigh-
boring nuclei. Both nuclei are "screened” both on the neutron-excess isobar side and the neutron-deficient isobar
side by stable nuclei, and may be formed during nuclear synthesis for the most part only as a result of {n,y )-reactions
from K*® and Lu'®, Therefore, the nuclear abundances of K* and Lu'™ may be perfectly equal.

Unfortunately, we do not have a sufficiently accurate knowledge of the values of the cross sections of (n,y )-
reactions, based on fast neutrons for K¥, K, Lu!™, and Lu'™ nuclei, to select correctly the most probable value of |
the initial relative abundance of K*, but for an estimate of this value we may assume that by the end of nuclear
synthesis the K*/ K® ratio was the same as the Lu!™/ Lu'™ ratio, Thus, the age of potassium is determined from the
relationship

T T 176
tK _ 1. Lu ’I\ [' ]g Lu i .
g2 Ty y—Tg L Lutis /,

I<40
—_ [
g \ k# >t] T
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where Ty, and T, are the half-lives of Lu'™ and K, equal o 2.4 * 10" and 1,25 + 10° years, respectively; Lu'™/Lu*™
and K*/K® are the ratios of the observed isotopic abundances, equal to: 2,6% Lul™, 97 4% Lu'®, 0,0119% K*¥, and
93.08% K, respectively, Substituting the numerical values, we obtain ty = 10,2 * 10° years, Therefore, the initial
ratio of the potassium isotopic abundances is

K

K40 < K40 \ F
—_— = — 2T
( K# >t:0 (\ K e = 0,036,

e., this ratio was 280-fold greater than the present value,

The authors of [7] took the mean values of the (n, y »-cross sections-of K% and K% as 8 and 100 mbarn, respec-
tively, and found that initially the value of K* was 260-fold greater than at present,

This estimate is more probably the upper age limit of potassium, because the K* nucleus is "magic” (20 neu-.
wons) and, in contrast to K¥, Lu!™, and Lu*™ is more resistant to neutron burnup, with the result that the K*/K®
ratio is less than the Lu!™/ Lu!™ ratio, Despite this, the figure of 10,2 * 10% cannot be far from the true value, be-
cause the equation for t depends only slightly on the initial abundance ratio if a markedly decayed isotope is taken
for the calculation,

2. U™ and UP*® isotopes were formed mainly as a result of a-decay of their precursors with atomic weights A

equal to 4n + 3 and 4n + 2, i.e., by a different mechanism to that of stable nuclei. Therefore, in this case we can-
~ not -justify the determination of the initial U*®/ U* ratio from stable isotope systematics. Furthermore, two opposing

factors could have a marked effect on the initial abundances of uranium isotopes: on the one hand, in the presence
of neutrons, U® and its o-precursors must burn up more rapidly than U?% and its a-precursors; on the other hand, the
latter had a higher neutron excess and-therefore were formed more rapidly and could be burned before the f-conver-
sions of the former had even finished. Therefore, the initial U?*/ U?%® ratio must be very sensitive to the fast neutron
synthesis time.,

Despite these reservations, we may compare uranium with its nearest elements: ytterbium and mercury, which
have exactly the same number and distribution of g -stable isotopes.

With respect to the position in the g -stability band, b and Hg2°1 nuclei correspond to uranium-235, and Y

and Hg?™ to uranium-238, Their ratios are equal to Yb*™/ Yb'™ = 1,28 and Hg?®™/ Hg?™ = 1,93, respectively, Here,
there is no justification for either averaging or extrapolation, but it is interesting to note that in a detailed calcula-
tion of the probabilities of formation of uranium isotopes under the synthesis conditions in type I supernova stars, the
authors of [7] found, for the initial abundances U**/ U8 = 1,64, i.e., the mean of the two previous values: 1,28 and
1.93. In accordance with this ratio, the age of uranium is 6.6 + 10° years,

b176

The age values of potassium (10.2 * 10° years) and uranium (6,6 ° 109 years) are fairly close, but, for reasons
indicated in our reservations, both values are not fully reliable, The true age of the nuclei (if we disregard the theory
that uranium is younger than potassium} is evidently intermediate between these figures,

It would be very interesting to measure the relation between the (n, y )-cross sections and the energy for potas-
sium andlutetium isotopes and calculate more accurately the age of potassium. In this case, a knowledge of the
cross sections of lutetium isotopes would be helpful for selecting more accurately the neutron spectrum, and the role
of the other processes in the formation of K* could be taken into account, as follows: the three other odd-odd V*°,
La'®, and Ta'® nuclei do not have stable (n, y )-precursors and could be formed only by other, ineffective processes,
The relation between the relative abundances of these nuclei and Z is linear, The short extrapolation from V®° to K4
indicates that the contribution of these processes in the initial abundance of K** must be about 0.27% with respect to

K",

3. It is known that elements with odd Z have only one or two stable isotopes, only isotopes with an even num-
ber of neutrons being stable (K4°, V5°, La13s, Lu“e, and Ta'® nuclei are not exceptions, because they are radioactive),

I the relative abundances of pairs of odd-even isotopes are plotted on a graph, a distinct relation between them
and the Z values is quite evident (see figure). The heavy and light isotopes are located on a straight line or smooth
curve (dotted line).

In the case of slow synthesis, a law of this type could be obtained as a result of a steady change in the ratio of
the mean (n, y )-cross sections of the investigated isotope pairs with an increase in the Z value, and in the case of
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Absolute Abundance of Synthesized Isotopes and Their (n, y )-Precursors, According to Suess and Urey [8]

and, in Brackets, According to Goldschmidt

(n,y )-precursors and their . % (n,y )-precursors and their , g
e absolute abundances b2 . . w absolute abundances s =k
Synthesized iso- Sz g g e Synthesized iso- S g g53
topesand their 9's 39 g, |ropesand their g 39
absolute i S‘ . . ] absolute 5 g s‘ 3 . )
abundances oE & with small Z with high Z g 5o | abundances o & with small Z with high Z g R
i S 2 [0 = — g
Clss 6670 $3 45700 Absent Int13 . 0.0046 "screened” Snlz  0,0134
(3800) | . oo (4 800) 0125 (0,097) 0.044 (0,29) | 0,052
Cl3? 2180 ’ S 51 Ar3 126 000 ’ Ints 0,105 ’ Cdus 0,256 "screened” |{(0,39)
(1240) (15,5) =) (0,22 (0,75)
K %238) At 2oy Absent sbist 0,141 “Smt® 0,43 | Th0 0,004
© 13,4 ) © <0,51 ©4l2) | o 9.9) 0,0002) | o
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| o gt 19 nm™ rapid synthesis — as a result of statistically averaging
| % h el the probabilities of formation of these isotopes with
: % T120% respect to a large number of precursors. We must be
. ° clear as to which of these synthesis mechanisms could
2 lead to the observed law and why there are appreciable
3 57 deviations from this law for a number of nuclei.
>
& R First, the presence of the law itself and the de-
7 Eg K’[;;!(/f 7/1’0yr ) viations from it indicate the predominance of neutron
£ n'm synthesis for all these nuclei, including chlorine iso-
S I, ; L Sy topes, The deviation of K* and Ga™ nuclei may be
o 7l 2?1 ?3:?[7 "Z’Ij’ 63 757‘7 e due to the fact that these nuclei have a magic num-
? ber of neutrons (20 and 40, respectively), and are
Relation between the relative abundances of odd-even iso- therefore more resistant to neutron burnup than K*
topes and the Z value. The abundances of light isotopes and Ga® nuclei (in this respect, it is more surprising
are indicated by points, those of heavy isotopesby circles, that chlorine nuclei are governed by this law).

Radioactive nuclei Rbg' and Re®*? are indicated by crosses.
The solid line indicates that the nucleus is "screened” by
stable isobars, the dotted line indicates the presence of a 87 o
long-1life isobar with a half-life >10% years, The lineson the Rb™ nucleus, and the age of rubidium then calcu-

. . o lated from this deviation. But in the given case we
the left relate to isobars with Z — 1; those on the right, to 8
2 41 : can only speak of the order of the value, because the

half-life of Rb¥ is too great and, therefore, its devia-
tion from the curve too small to obtain the accepted accuracy by this method, Furthermore, two more opposing fac-
tors could affect the abundance of this nucleus: the magic character must have led to an increase in its abundance,
and the presence of the St stable nucleus, "screening” Rb® on the higher Z-value side, to a decrease in its abundance.
As is seen by way of example of Sb'?® and Re!®™ nuclei, the presence of a stable nucleus on the high Z side is a virtual-
ly negligible factor here, but it cannot be left out of consideration in the case of Rb¥, These considerations are whol-
ly applicable to the Re!®? nucleus, for which, moreover, we do not have reliable direct measurements of the half-life
at present. If the latter is more than 10" years, the position of the rhenium isotopes on the curves is understandable,

The deviation from the law in the case of rubidi-
um isotopes is most naturally explained by decay of

Assuming that the deviation of Rb¥ from the curve (~25%) is due entirely to its decay, the age of rubidium (at
TRp = 4° 1010 years), is '

Ry = 1.7 1010 years,

The considerable deviation in the case of the In'™*® nucleus is due to the fact that it is "screened” by the stable
Cd"™® nucleus on the side of the neutron-excess isobars.

The large number of cases of a decrease in the abundance of isotopes which are "screened” on the side of the
neutron-excess isobars leads one to think that it is for this reason that the Br™ and Ag“” do not comply with this
general law, Both these nuclei are "screened” by long-life nuclei: the first by the se™ nucleus with a-half-life of
7° 104 years, and the second by the Pd"" nucleus with a half-life of 7 + 10 years (furthermore, fission fragments may
affect the value of the ratio of the silver isotopic abundances),

If this explanation of the bromine deviation is also valid for other isotopes, we have a means of assessing the
duration of the slow neutron synthesis of nuclei.

In fact, the presence of a long-life B -precursor may affect the abundance of the final nucleus in two casesonly:
when rapid synthesis was repeated during the existence of the precursor, or when the duration of slow synthesis was
comparable with the lifetime of this nucleus,

The table gives the abundances of synthesized nuclei and their closest (n, y )-precursors, from the data of vari-
ous authors,

A comparison of cotumn two, which give's the ratio of the synthesized nuclei abundances, with column five,
which contains the ratios of the sums of the initial nuclei abundances, shows a definite coirelation. The marked dis-
crepancies of these values in the case of chlorine, potassium, and thallium may be due both to the differences of the
neutron cross sections for the synthesized and initial nuclei, and to the fact that the present values of the absolute
abundances of sulfur, argon, and lead are far too low.
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In the case of slow synthesis, bromine, antimony, and rhenium isotopes could have been formed for the most
part only by a (n, y )reaction on isotopes of their direct precursors: selenium, tin, and tungsten. Therefore, for these
isotopes there is a possibility of solving the problem of the synthesis type experimentally by measuring the correspond—
ing (n, y )-cross sections, :

If it is found that in these three cases the bulk of the nuclei appeared as a result of slow synthesis, the charac-
teristic slow nuclear synthesis time can be determined from known cross sections, the known half-life of Se™ and the
value of the deviation of Br™ from the above law (see figure). For the moment, it may be expected that the figure
would be more than 103 years and less than, or at most, 10° years, This follows from the fact that the presence of a
Co® nucleus (with a lifetime of about 180 years) " screening® the Cu® nucleus, could not have affected the abundances
of copper isotopes, whereas the presence of the Se™ nucleus, with a lifetime of about 10° years, "screening” the Br®
nucleus, led to a reduction in the abundance of Br™ to half the value which might be expected from the curve,

In {7], bromine, rubidium, silver, antimony (Sbm), europium, rhenium, and iridium isotopes were included in
contrast to chlorine, potassium, indium, and thallium isotopes, in the class of nuclei formed as a result of fast neutron
synthesis in supernova stars, It is possible that the discrepancies in the case of bromine and silver are due to this fact,
but it would then be necessary to explain why the other nuclei, formed as a result of fast and slow synthesis, lie so
satisfactorily on the straight line,

Another useful consequence of the regularity observed in the figure is revealed in connection.with.the deter-
mination of the interval between the end of nuclear synthesis and the formation of the solid phase, by the Reynolds
method [2]. The equation for calculating this period of time from the excess Xe!? observed in a meteorite contains
the initial ratio I'**/ I'*%, Since no case of deviation of open and nonmagic nuclei from this law is known, it may be
expected that by the end of nuclear synthesis this ratio was close to unity.
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CAUSALITY IN PRESENT-DAY FIELD THEORY

D. I. Blokhintsev

Translated from Atomnaya Energiya, Vol. 14, No, 1,
pp. 105-109, January, 1963
Original article submitted August 30, 1962

Causality, as we usually understand it, is only a small part of the universal relation, but (material-
istic addition) a part not of the subjective, but of the objectively real relation, V. L Lenin, Works,
Vol, 38, page 150,

Introduction
» In spite of the modest estimate that V. L Lenin made of causality, this principle is nevertheless of fundamental
importance in sc1ence as being the s1rnp1est form of relation between phenomena,

The principle of causality is of especially great importance in physics, and not only in a general philosophical
sense; the most important thing is the mathematical form in which causality is expressed,

In present-day physics, the mathematical form of causality is based on two physical ideas: the homogeneous
and isotropic space — time idea of Einstein and Minkowskii, and the idea of transmission of interaction by physical
fields (electromagnetic field, meson and neutrino fields, etc,).

In addition it is known that applying these principles to especially small distances and small time intervals
leads to physically absurd results: the interaction =nergy of particles at small distances, and the inherent energy of
the particles become infinitely large, This unsatisfactory conclusion arises in both quantum and classical physics,
and possibly indicates that the difficulties have a common origin in both cases, *

Causality in Classical Physics

In classical physics, the propagation of a weak (linear) signal from the world point §°,(x;t;) to the world point
J'2(Xatp) is determined by the Green's function &, which is a function of the difference between the coordinates of
the points &y andary: x =x3— Xy and t = ; — t,,

This expresses the homogeneity of space —time, The requirement of isotropic space—time leads to the condi-
tion that the Green s function does not depend simply on the differences x and t, but also on the four-dimensional in-
tervals s° = x® — ¢, Finally, it is possible to introduce a direction of time & and a d1rect10n along the space ray 7 :

t X
€ = Tt = #1,andn =0 for < 0, and 7 = Tx] = #land & =0 for s >0, Thus, the Green's function may be
written in the form :

& ==
O (s e, n). )
This function is invariant under the Lorentz transformation. Now, in addition, the causality requirements are im-
posed: 1) the signal cannot be propagated at a velocity greater than the velocity of light ¢, and, 2) the signal is only
propagated from past to future. These requirements lead to further specialization of the function ¢:

@j:@(sz’ +1,0) for £ = +1,n=0; .
G&=0 otherwise, } @

The figure shows a region of space—time where the function  is different from zero, Note that the Fourier com-
ponents of & (s%.+ 1, 0), which we denote as & (w, k) depends only on the invariant m? = o — K2 [ (w, k) =
F(w? = K¥)], and is only different from zero when m? > 0, For m? < 0 we would obtain the function (%, 0,21),
which is different from zero in the space — like region and, accordingly leads to signals propagated at a velocity
greater than the velocity of light.

It is shown by experiment that for large x and t (asymptotically), the wave field always admits of a corpuscular

*Some philosophical problems of causality and field theory are discussed in [1].
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interpretation, and this means that at infinity we have aset
of waves with discrete values of the quantity m® = m}, mj,
cmi, ..., =000

The Fourier component F(w — k%) has poles at w?
=K+ md s> and the function @ (s, +1, 0) has a smgularxty of
the forrn 8(s®). In view of the properties of the interval s?
the singularity is also carried over into the region of small
x, t (as long as s* = 0), and there produces undesirable in-

finities,

Thus, the physically justified assumptions of isotropic
The space—time region where the Green's function space and time for large x and t are automatically carried
is different from zero. . In the left~-hand figure (a), over to.the range of infinitely small x and t.
the cross-hatched area shows the space—time re- )
gion admissible on the usual theory for the propaga-
tion of signals coming from the point % . In the
right-hand figure (b) the doubly cross-hatched area
shows the possible anomalous causality region (for -
example, an elliptical type of field equation),

Causality in Quantum Physics

However strange it may seem, quantum theory retains
the classical conception of causality in all its essential
features. In particular, in quantum theory, the propagation

Green’'s function Dc(sz) which is also called the causal func-
tion, This function relates the quantum transition in the vicinity of the point §*; with the quantum transition in the
vicinity of the point ;5. * *

In contrast with the classical Green's function, this function is not equal to zero even for 2 >0, but only to the
scale ~h/mc (Compton wavelength of the particle), The "vicinities” must be fairly large in order to be able to de-
tect the fact of the emission of a signal (quantum) with positive energy from the vicinity of the point ¢4, and the
fact of its being absorbed in the vicinity of the point &°,. Just as in the case of the uncertainty relation for a quantum
signal with energy E and momentum p, the dimensions of the vicinities of the points &4 and g, must be, in time,

T >> h/E, and in space, L >> h/p.

. Further, the vicinities cannot overlap (distance between them [xl > L, and time interval ] > T). Aswas
shown by Firts [3] for point particles, under these conditions the properties of the function De(s®) give a purely classi-
cal causal relation between the vicinities of the points #°; and i, i.e., a relation equivalent to the one given by the
Green's function (sz, +1, 0). Under conditions where the above inequalities are not satisfied, the uncertainty rela-
tions do not in general permit us to find the nature of the causal relation (what happened later and what earlier), If
the causal function D (x) is different from zero in the space region, this leads to the existence of space-form factors
for the elementary particles F(q), where ¢ is the momentum given to a particle,

In accordance with a form-factor of this sort, the particle must be given a rigid space distribution of charges
and currents of the type g{z) = \ F (q)e'%* d?q. This rigid distribution allows a signal to propagate from the periph-
ery of the particle to its center at an infinitely large velocity.

However, it was shown in [4] that even in this case the uncertainty relation makes it impossible to "catch” the
particle when the signal is being propagated at a velocity greater than the velocity of light. In spite of the difference
noted between the causal Green's function Dc(sz) and the classical Green's function & (s, +1, 0), the situation with
the singularities remains in essence the same in the quantum theory as in the classical theory; the singularities of the
propagation functions, which are natural for large x and t, are inexorably carried over into the range of small space
and time scales,

Some Possible Generalizations of the Causal Relation
The nature of the singularities in the propagation functions indicate that it is necessary to give up carrying the
macroscopic laws of signal (interaction) propagation over into the range of very small space—time scales, and that it

+In quantum field theory, the value of m determines the mass of the particle associated with the field in question,
* * The causality principle in its usual form was used by N, N, Bogolyubov for a new representation of present-day
field theory [2].
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is necessary to try to modify them. What has been said above on the importance of the uncertainty relation enables
us to count on the possibility of reconciling the ordinary form of macrocausality with the other forms of microcausa-
lity in small space—time regions, Let us now consider some of the possible generalizations of the theory,

Nonlinear Theory. The Green's functions having the singularities described above are associated with the
propagation of weak fields obeying linear equations,

As was first pointed out by Born [5], strong fields are able to obey other, nonlinear equations, In this case, the
velocity of propagation V of the signal depends on the strength and form of the signal [6-8].

Actually, the characteristics of a nonlinear equation are, generally speaking, different from the straight lines
dx/dt = *c, characteristic of linear theory. Accordingly, the velocity V of a nonlinear signal is a function of the
field intensity ¢ and its derivatives d¢ /9x, and 9 ¢ /0t; thus:

d 2, ap
e=+V (e 2L, ). &)

z ot

It was shown in [5] that in some versions of the nonlinear theory the value of V may be made imaginary, and
the hyperbolic equation for the field reduces to an equation of elliptic type. Far from the source and receiver of the
signal (far from the particles), the field will, as before, obey a linear equation, and the Green's function will have
the usual singularities of the type 6(32). However, in the vicinity of the particles, where the fields are large, the
character of the singularities will change. For example, if the equation becomes elliptic, the smgulamy in the
Green's function as x — 0 and t — 0 will have the form 1/R?, where R? = x* + 1%,

This possibility of a change in type of field equation near the particles suggests the situation on the wing of an
airplane flying at a velocity close to the velocity of sound. There, as we know, when the local stream velocity
around the wing exceeds the velocity of sound, the elliptic type of equation changes to one of hyperbolic type.

The figure shows the region in which causality may become anomalous (b). The disturbance of relativistic
invariance near x = 0 and t = 0 is only apparent, and is due to the space—time point (where the field source is located),
which is distinguished by the fact that precisely in the vicinity of the point the nonlinear field itself forms the medi-
um for its own propagation,

The possibility'of a change in the type of field propagation equation in the vicinity of the particles, and to-
gether with it the possibility of changing the form of the causal relation, is very attractive, However, nobody hasyet
been able to find a quantum analog of this field theory model.

Also, the question is still undiscussed of the changes in definition of the segment of length and time interval
which can entail nonlinearity in the propagation of the signal, Einstein's definitions unquestionably assume linearity
of the signal,

Change in Causality for Small Space-Time Scales. We have seen that in homogeneous space—time it is im-
possible to change the causal relation law on a small scale without changing it on a large scale. A possible way of
making the change is suggested by the ideas of nonlinearity discussed above, The departure from the usual laws
governing signal propagation does not occur everywhere, but only around the sources and receivers of the signal, i.e.,
near the particles; in other words, where the homogeneity of space is disturbed by the particle located there, This
indicates that it is possible for the usual signal _propagétion laws to be disturbed near the particles [9, 10],

The possibility is realized mathematically by the appearance of new invariants in addition to s2, &, and 7.
Actually, a total energy-momentum vector P(E, p) is associated with the particle or system of interacting particles,
and this vector commutes with the relative coordinates and with the other internal dynamic variables.* In addition
to the invariant I = s, new invariants appear, such as I = P? = —m? (where m is the rest mass of the whole system),

= (P, s), etc, This makes it possible to form new invariant combinations, “for example,

2
2 __ 13

= 1—1— 12; (4)
‘2—-wi 4'
1=t @

* This fact has enabled Yu. M. Shirokov to give a correct solution to the problem of the relativistic top [11].
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which, in the center-of-mass system, reduce to 1% and %, respectively, and further transform according to (4) and (4')
[12],

In view of this, the Green's function associated with the system of particles may be written in the form
&=6(,, 1,, 1) (5)
Having the invariants I, and I; makes it possible to change the behavior of & near r, t = 0,

The figure may be used to illustrate the behavior of the function & which, for R? < a%, has an elliptic structure,
and for R? > a2 reduces to the usual Green's function with singularities on the cone s = 0, :

The causal function D(s?) may be changed in a smnlat way if it is associated, not w1th the vacuum, but with
the particles located in the vacuum and having the relative coordinate x = x; — X, and the total mormentum P=P1+Pps:

DC:Dc(llf [2, ]3)' (6)

A complete scheme of this type has not yet been worked out, and it is still unclear what field theory model it
corresponds with, In parucular no mvesugatmn has been made to find out whether or not the scattering matrix re-
mains un1tary :

Change in the Metrics of the Phys1ca1 Vacuum. Some other pos31b111t1es for changing the form of the causality -
are related with the idea of changing the geometry of our space—time for small space—time regions,

One of these possibilities consists in fluctuations of the metric tensor g ,, which in principle may be produced
by fluctuations of the zero energy of the vacuum. Fluctuations of this type lead to fluctuations in the space-time in-
terval

Py
‘

’82 = S uv d.’l’:u dxv. : ’ v 6]
Sl : : : )

.Accordingly, all the functions, such as G (s®) and Dc(sz) are "blurred” []1.3, 14]. However, these fluctuations,. if
. hy\ 2 . - .
we exclude infinities, are real in space—time regions of the order Lg :(ﬁ.}) £ 0,82 *+ 10”2 cm, where % is the gra-

vitational constant, These scales are too small to play any important role in the world of particles, Introducing an-
other scale for the vacuum fluctuation 7, would mean introducing a new physical hypothests the consequences and
the internal consistency of which are still far from being investigated.

Space—Time "Quantization.” The old idea of space—time "quantization” [15] has been resurrected several
times [16-18]. Current tendencies in the development of this idea rest on the assumption that the metrics of momenta
in space is of a non- Euclldtan character [19]. In particular, the interval in space of the momenta py, py, ps, and pyis
taken equal to

2 .
do? = ayy dp, dpy. ®
The radius of curvature of this metric space plays the role of a limiting cutoff momentum Py, 'The coordinates of or-
dinary space—time, X, X, X3, X4, canonically conjugated with these momenta, are here the mutually noncommuting
operators

[zn, 2v] =ibyy. 9

The theory is constructed in such a way that it reduces to the ordinary theory for scales I >> h/Py, It is clear
that in this theory the ordinary conception of causality is unsuitable (at least in space—time regions ~h/P,), Actual-
ly, it is impossible to speak of propagation of a signal from the point ¢ ;(x{x3x3x}) to the point &/°o(x{ x5 x5x7) if the
coordinates of the points are themselves undetermined. In this theory, the process by which a signat is propagated
only takes on physical meaning for quite large |xu| » where the right-hand side of Eq. (9) may be neglected. For
smaller scales, the relation between the phenomena can only be described mathematically by using momentum space,
The theory of quantized space—time has not yet received completely-consistent development, -~
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Conclusion
The form of causality used in present-day theory follows from basic space-time concepts,

It has been borrowed from macroscopic physics and, in view of the nature of the singularities in the Green's
functions, it is carried over automatically to infinitely small scales. This leads. to divergencies (infinities) in a num-
ber of the more important physical quantities associated with elementary particles,

In this paper we have discussed some of the preliminary theoretical schemes which, while retaining macro-
scopic causality, produce substantial changes in causality for small space—time scales. :

We do not know which of these schemes will bring us closest to the truth — we are still playing blind man's
buff with it, '
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LOBACHEVSKIAN KINEMATICS AND GEOMETRY

Y'a. A, Smorodinskii

Translated from Atomnaya Energlya Vol. 14, No, 1, .
pp. 110-121, January, 1963
Original article submitted October 1, 1962

Introduction

Although many years have passed since the time when F, Klein discovered, in 1909 [1], that the velocity space
of the special theory of relativity is the Lobachevskian space, i.e., the space of constant negative curvature, this geo-
metrical model has been exp101ted only to an inadequate extent for its potentialities in describing relativistic kmern-
atics. :

The correspondence between the law of composition of velocities in relativistic mechanics and the taw of com-
position of vectors in Lobachevsky's geometry, noted by Sommerfeld in his earlier works {2,3], has remained, for all
practical purposes, the sole illustration of the geometrical properties of the space of velocities,

The geometry of velocity space underwent a more extended and detailed development in a monograph by
Kotel'nikov [4], which is known to a very restricted audience, In recent years, the problem was revived by N. A.
Chernikov [5,6], an active proponent of Labachevsky's ideas, In the realm of textbooks and monographs, adequate at-
tention is devoted to Lobachevskian geometry only in the works authored by V. A. Fok [7].

The description of relativistic kinematics based on Lobachevskian geometry demonstrates the straightforward
meaning of various formulas which lost their transparency in their usual form, This applies in particular to the kinem-
atics of rotating bodies, and in the case of quantum mechanics to.the kinematics of particles possessing spin,

We cite, below, several examples of the application of Lobachevskian geometry to the physics of elementary
particles and nuclear reactions. In so doing, we make no demands upon the reader as to a prior acquaintance with
this geometry, and we intend to develop all the necessary tools as we proceed in our work.

It is a signal honor for me to dedicate this article to the mermory of Igor' Vasil'evich Kurchatov, who harbored
a great love for theoretical physics,

1. Vectors in Velocity Space

Let us begin with a slight digression into the realm of ordinary vector algebra. A vector is an assemblage of
three quantities which wansform in rotations of the system of coordinates such that the coordinates are components of
a radius vector 1, Clearly, the problem of how any other quantities involved transform in the process may be solved
only on the basis of physical considerations. In Newtonian mechanics, the velocity of a particle is also considered a
vector; this is due to the fact that the time interval is a scalar and accordingly the operation of differentiation with
respect to time is a scalar operation. This implies that the velocity space Q(v) possesses the same geometrical proper-
ties as the coordinate space £(r), being a Euclidean space, Moreover, since the mass of a particle is a scalar quantity
in Newtonian mechanics, the momentum of a particle transforms in the same manner as the velocity, and the mo-
mentum space is consequently likewise a Euclidean space, In Newtonian mechanics, therefore, all three three-di- J
mensional spaces (1), (v), and (p) exhibit the same metric.

The situation is changed in Einsteinian mechanics. In this case, the space of coordinates and the space of mo-
menta possess, as-we know, a pseudo-Euclidean mewic with the invariants R A1y = (As)2 and €2 - ¢? p =m?,
and their properties are specified everywhere,

In what follows, we shall be interested in the properties of a third space, the velocity space., The four-dimen-
sional velocity, or the 4-velocity for short, is the derivative of the coordinate of a particle with respect to proper

1 dx . :
time " —ds—a . This velocity has the components
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where 2 is the ordinary nonrelativistic velocity in units of the velocity of light (0 < 8 < 1). The velocity u, although
a 4-vector (it is the momentum-to-mass ratio of the particle), does not entirely correspond to the physical conceptof
velocity. The term velocity as we generally employ it refers to the quantity 8 equal to the momentum-to-energy
ratio B = p/ & of a particle, This quantity may be also taken as the length of a three-dimensional vector determin-
ing the relative velocity of the particle and of the origin of some selected system of coordinates. The geometry of
the relative velocities is what constitutes the subject matter of our presentation,

One characteristic feature of the 4-velocity is the fact that its 4-length is equal to unity:
Ui Ul —ul—ul=ul =1, (1.2)

Therefore, the tips of the 4-velocity vector always lie, in pseudo-Euclidean space, on the surface of one of the sheets
of a hyperboloid of two sheets (1,2), and to be-precise, on that sheet which corresponds to the positive value of the u,
component. The velocities of all the particles accordingly correspond to points situated on a three-dimensional sur-
face, while their momenta (at different mass values) may fill the entire space. The velocity is, therefore, in essence
a three-component quantity represented by a point on the upper sheet of the hyperboloid, The geometry of the velo-
cities may be treated either as a vector geometry in four-dimensional space having a pseude-Euclidean metric, or as
a geometry of points on the surface of the hyperboloid in that space. This is reminiscent of the situation prevailing
on the surface of the earth, whose surface properties may be described, of course, as the properties of a surface in
three-dimensional space, but which are more convenient described by means of spherical geometry in two dimensions,

In describing velocity space as the surface of a hyperboloid, there is no need to specify the origin of the coordi-
nates, and all the relationships are expressed solely in terms of the relative distances of points on that surface,

If the imaginary coordinate v, = iv, is introduced in place of the real coordinate vp, then the hyperboloid will
become converted to a sphere of imaginary unit radius, and the velocities of the particles will be in correspondence
with the points lying on the upper half of this sphere, In this representation, the formulas of spherical trigonometry
are useful in computations, with the radius a replaced by ia (in what follows, the radius 2, equal to the velocity of
light, will be assumed equal to unity).

2. Newtonian Kinematics

We recall briefly, at this point, the principal kinematical relationships in nonrelativistic mechanics., Consider
the reaction '

The particles ¢ and d may be either the same particles as the particles a and b (scattering), or may be different par-
ticles (reaction), Once the masses of the particles are known, the velocity of the center of inertia u may be found,
The velocities of the particles per se will be designated by the same letters a, b, ¢, and d. The velocities candd
are governed by the laws of conservation of energy and momentum, The kinematical relationships are usually illus-
trated by means of circles (cf. [8]). We will find it more convenient to make use of a quadrangle diagram (Fig, 1).
In this diagram, the points correspond to the tips of the velocity vectors of particles, being three-dimensional in non-
relativistic mechanics, four-dimensional in relativistic mechanics. The distances separating the points correspond to
the relative velocities in nonrelativistic mechanics and to the hyperbolic arc tangents of those velocities in relativ-
istic mechanics.- The segment ua is the velocity of the particle a relative to the point u, i.e., the velocity a in the
center-of-mass system. The segment ab is the velocity b in the system in which a is at rest, etc, -

In considering scattering in any specified frame of reference, we must attribute certain directions to the seg-
ments which form the sides and diagonals of the quadrangle, For example, if scattering is considered in the system
in which the particle 2 is at rest, then an impinging particle is described by a vector directed from a to b, two
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Fig. 1. Quadrangle describing the
kinematics of the reaction a + b
—c+d.

a a

Fig. 2. Elastic collision between
identical particles a + b—a' + b',

a a’

Fig. 3. Elastic collision between
different particles.

particles, the reaction products, are described by vectors directed from point a
to points ¢ and d, respectively,

Consider two examples:

1. In the case of scattering of two identical particles (Fig. 2), the point

u is situated at the same distance from all the vertices and the figure becomes

transformed into a rectangle, This means that the angle between velocities a’
and b’, i.e., between the particles flying apart in this system, where a is at
first at rest, is v/ 2,

2. If the masses of particles a and b are different, but the scattering is
elastic, then the figure will be transformed into a trapezium (Fig, 3), ub = ub’,
ua = ua’, The velocity of particle b after scattering in the system where a
starts off at rest (segment ab’) is related to the scattering angle 6 (in that s sys-
tem, the angle bab'), by the formula found from the triangle b'ua:

b2 —a2 —b.*
a
cosf=2_4*_ %

2a,bg

Here, ay and by are the velocities of particles a and b in the u system (inde-
u u P Y

pendent of scattering angle); b, is the velocity - of particle b after scattering in

the system where a starts off at rest,

Clearly, from these examples, plane trigonometry completely describes
the relationships existing between the velocities of the particles in the several
systems of coordinates (as well as the relationships between the relative velo-
cities) and the scattering angle. It might be added that if it is required to deal
with motion relative to some other system of coordinates, it will not be diffi-
cult to derive all the necessary kinematical relationships by drawing in still
another point (in the same plane or in the space) and connecting it to the
angles of the quadrangle. Note further that at certain specified mass values
the quadrangle is determined by two parameters: the length of the diagonal —
the relative velocity of the particles, and the angle formed between the dia-
gonals — the scattering angle in the system u,

This described correspondence between kinematics and plane trionom-
etry is a consequence of what we termed the Euclidean character of velocity
space. :

This description of kinematics turns out to possess-a most important
property. The accompanying diagrams need not be altered in the conversion
to Einsteinian mechanics, the formulas of plane trigopometry need only be re-
placed by the formulas of hyperbolic geometry (or spherical geometry with
imaginary radii), *

3. Lobachevskian Geometry in Velocity Space

Lobachevsky's geometry differs from conventional Euclidean geometry in the suppression of Euclid's axiom on
parallel lines, This refers in the first instance to the fact that the sum of the angles of a wiangle are no longer equal

to T, but are in fact consistently less than .

At the same time, equal angles may exist only in equal triangles: this

geometry does not admit of similar triangles,

The simplest and most vivid representation of Lobachevskian geometry is the upper sheet of a hyperboloid in
four-dimensional space with a pseudo-Euclidean metric, or the surface of a sphere of radius i «*

In order to establish the correspondence between Lobachevskian geometry and the three-dimensional velocity
space, it will be necessary to determine the relationship linking the distances on the surface of the hyperboloid and

*If calculations are performed in momentum space instead of velocity space, then the moré involved geometrical
relationships associated with the properties of ellipses will arise in relativistic kinematics (cf. [8]).
* * Lobachevskian geometry frequently is described in the language of projective geomemwy, by projecting the points
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the relative velocities, Remember that a point on the surface of the hyperboloid describes a four-dimensional velo-
city; clearly, however, the interval spanning the two points (determined as ds® =.duj — du?) has nothing in common
with relative velocity, If we define the distances on the surface of the hyperboloid as length of the segment of a geo-
desic hyperbola joining these points, then this quantity may be expressed in terms of the relative velocity, For this
purpose, tet us consider two 4-ve'1ocity vectors iy and up, and form their four-dimensional scalar product:

Uiy = Upglhog — UWUge 3.1)

Since this product is invariant, it is most simply calculated in the system where one of the particles is at rest, i e.,the
system in which one of the velocities, say u;, possesses only the one component u, = 1, In that system, ugp = (1—8 2y 2 z
where B Is the relative velocity, Therefore,

u 112 ! .

1/1__52 (3.2)

The 4-lengths vy and u, being equal to unity, the scalar product of two unit vectors in a space with a Euclidean metric
would be equal to the cosine.of the angle between them. In a space with a pseudo-Euclidean metric, it is natural to
make this product equal to the hyperbolic cosine:
1

UyUy = ch (uy1t,) :m = Yio (3.3)

Designating y, as the Lorentz factor, we note that it is defined as the relative velocity of the first and second pamcles
From this definition we see that

B
Vi—p (3.4)

th (ulll_te) = . (3.5)

sh (uus) =

The arguments of the hyperbolic functions are constituted by the hyperbolic angle determined most straightfor-
wardly from the scalar product (3.3). The definition of the atc, coinciding with the symbol for the scalar product,
could hardly result in any misunderstanding, *

Equations (3,3) and (3.4) establish the relationship linking the distances between points u; and u, on the surface
of the hyperboloid (or imaginary sphere) with scalar relative velocity. After this, we may draw in the points of the
hyperboloid on the plane, but the formulas of hyperbolic geometry are employed in the calculations. In this geometry,
the sum of the angles of the triangle are less than m, while the difference between 7 and the sum of the angles of the
triangle is equal to the area of the triangle:

S=n—-—4—-—B—-C. (3.6)

One of the consequences of Eq. (3.6) is the fact that similarity of triangles is unknown in hyperbolic geometry,
Triangles having equal angles are simply equal to each other, The physical explanation follows immediately from
the limiting character of the velocity of light. In Newtonian kinematics, the relationships between the velocities
undergo no change when all the velocities vary by the same number of times, In Einsteinian kinematics this is not
valid any longer, since.the ratio of the velocities of the particle to the velocity of light will vary. This example af-
fords an exceilent illustration of the connection between the finiteness of the velocity of light and the non-Euclidean
geometry of velocity space,

To achieve still greater clarity, we may draw a triangle having concave sides, preserving the angles between
them (Fig. 4); the lengths of the sides will be distorted, of course, in the process,

There are several standard formulas for solving triangles in hyperbolic geomeuwy [9].

of a sphere or hyperboloid onto the plane tangent to those figures, This projection varies the angles, but transforms a
curvilinear triangle into a straight-line triangle. There are alternative descriptions of the geometry, Details (not re-
quired in this treatment) may be found in any text on non-Euclidean geometry,

«If the mass of one of the particles is m, then, in the system in which the other particle is at rest, the energy of the
particle will be m cosh (41z), and the momentum will be p = msinh (uu,).

105

Declassified and Approved For Release 2013/09/25 : CIA-RDP10-02196R000600100001-7




Declassified and Approved For Release 2013/09/25 : CIA-RDP10-02196R000600100001-7

s The cosine formula is
cha =chb ch ¢ — 2 shi shecos A. (3.7

As the curvature tends to zero (i.e., as the lengths of the sides tend to
zero, since we let the radius of curvature be zero), Eq. (3.7) becomes
the cosine theorem for plane trigonometry.

A second cosine formuia is

cos A= —cosBcosC--cosBcosCcha (3.8)

and this becomes an identity atA+B+C=17,
ful
Fi

The sine formula is
Fig, 4. Schematic diagram of a hyper-
bolic triangle. Sum of angles not equal
to .

sh sh & she

= . (3.9)

sind " sinD T sinG

To this, we may add still another formula for the area of the triangle:

cos §  A-4-chad-chb--che (3.10)
SO e b ¢ .
4ch? —2— ch? 7 ch? -

Now if we employ these formulas and avoid resorting to the corol-
laries of the theorern on parallel lines (equality of angles lying opposite,
theorems based on the area of the triangle, etc.), we may readily derive
the kinematic relationships from the drawings relevant to plane geometry,

As an example, consider the collision of identical particl'es. Let
us return to Fig. 2. The distance separating points a and b corresponds
to the relative velocities of particles a and b:

| ch(ab)=vYu; |
th (ab) =B,

The velocity of the center-of-mass system is detérmined, as before, by
the point u, dividing the segment ab in half; this velocity is

_enab ch (ab) —1
B = thT* ‘/m . (3.12)

(3.11)

If the coordinates of all the verrices (i.e., the velocities and the angle
of scattering in the center-of-mass system) are given, then the post-
scattering velocities of the particles, e.g., in the a system, will be de-
termined from the cosine formula:

Yapr = ch? (au) <- sh? (au) cos a; _ (3.13)
Yao = ¢h®(au) — sh?(au)cos a. (3.14)

The angle between the scattered particles (angle a'ab') in the a system
is expressed in terms of the hyperbolic defect:

74

Laaby=T 2 (3.15)

Fig. 6. Composition of velocities in hy-

1i : ab + bc = ac, :
perbolic geometry: ab + be = ac where & is the hyperbolic defect, and the area of the triangle a'ab' (in

c* units) is defined as-in formula (3,10) from the known lengths of the
uriangle sides, All the kinematical relations are thus defined if the coordinates of the vertices and the intersects of
the diagonals of the rectangle are specified (the diagonals of the quadrangle in the general case). Once the lengths
of all the sides and the areas of the triangles have been determined, we have obtained the complete solution of the
problem, Note that all the relations so derived depend solely on the velocities of the particles, and not on their masses,

If information is required on the kinematical relations in some other coordinate system, then we need only plot
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the point describing this system on the velocity plane, and joint this point to the vertices of the basic quadrangle.
After that, the problem yields to solution by the same method,

This situation in fact arises when we are describing the decay of a single particle into two particles. In that
case, one of the diagonals of the quadrangle degenerates to a point; the decay process is illustrated in Fig. 5, where
L is the velocity of the observer’s system; c is the velocity of the particle undergoing disintegration; a and b are the
velocities of the reaction products (and ¢ is simultaneously the velocity of the center-of-mass system 1 of the decay
products), The velocity a in the L system is related to the angle of emission o in that system by the cosine formulas

—ch {ne) 4~ ch (La) ch (Le)

COS Q= 3 (L) sh (10) . (3.16)

Moreover, we may express these quantities in terms of the energy and momenta of the particles (as is usually done,
in fact), but it will not be quite so evident, in that case, that the relationship depends solely on the velocities and
not on the particle masses, Note here that the minimum and maximum velocities are determined if we rotate ab
about the point ¢, such that the point lies on the line Le,

Of course, the examples selected above are deceptively simple and could be studied with ease by the conven-
tional algebraic method, but nevertheless there is compelling evidence that the geomettic approach is much more
straightforward,

4. Composition of Velocities

As mentioned in the earlier discussion, the term velocity is applied in the present context to two different
quantities: the velocity vector and the relative velocity — the distance between two points in hyperbolic geometry.
4-Velocities add by the ordinary rules of a linear vector space, while the addition of relative velocities obeys a com-
pletely different set of rules, *

First of all, we must note that the direction of the velocity is not subject to determination in hyperbolic geom-
etry; since the geodesic is a curve, its direction varies. In particular, then the direction of the velocity of particle b
in the a system does not coincide (rather, is not strictly opposed) to the direction of the velocity of particle a in the
b system (although the magnitudes of the velocities are equal),

The angle between directions ab and —ba is nothing else than the angle of rotation of an infinitely small vector
in a parallel translation along the curve ab, Clearly, it is determmed solely by the length of ab, Below, it will be
shown that this angle « is found from the formula

sina=thxr. 4.1)

* The relative velocity enters into the determination of the invariant reaction cross section. If the densities of the
colliding particles are p, and p,, then the number of events typical of the reaction, in a volume dN and during an
interval dt, is determined generally by the formula

dnN o v
Tdid v Q10 (X)

Here, V2= (8; — 81 — B, X8 2)2, where B; and B, are the velocity vectors of the particles, The formula may be
recast in the form

‘”V 0 o1/
dary = U3 shaa. : (XX)

Here, 3, = p1 o — i, are the 4-lengths of the current vectors; o is the "angle® between them. Letting 0o and pyy
denote the densities (number of particles per unit volume) in the intrinsic systems of coordinates, then (XX) may be
written as
dN
Tdrdi T Qe sho. (XXX)
Accordingly, the relative velocity in the nonrelativistic formula transforms, in the relativistic formula, into sinh o
(cf. [10]).
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The formulas used to solve hyperbolic triangles make it pos-
sible to also solve the laws of vector addition. Turn to Fig. 6. The
physical significance of this diagram is the following: the b system
moves relative to the a systen at a velocity determined by the length
of the segment ab, i.e., at the velocity tanh(ab). In the b system,
the particle c moves at the velocity tanh(bc). Then tanh(ac) is the
velocity of pamcle crelative to system a. The value of ac is found
from the cosine formula:

ch (ac) = ch (ab)ch (be)— sh (ab) sh (be) cos b, (4.2)

where b is the angle at that vertex. The angle a is found from the
sine theorem:

Fig. 7. Parallel lines, left and right, on the
Lobachevskian plane, 1I(x) is the Lobachev-
sky angle of parallelism; gdx + II(x) = 7 /2,

sin b

sina = Sh (])L') .;T(;(,j . (4.3)

. These are the formulas obeying the law of composition of velo-
-cities in Einsteinian kinematics.

y z* y .
¥ g, 1 s
(Nay / 5. Parallel Lines. Particles of Zero Mass - '
; / : Now consider a massless particle, e.g., photons and neutrinos.
5 Their velocity, equal to unity, is depicted by a point situated at an
> Y, €q y p yap
! infinite distance, The geodesics joining this infinitely removed point

to two other points are by definition parallel (as lines intersecting at
Fig. 8. Decay 7% -2y, infinity). The angle between two such geodesics (at an infinitely re-

moved vertex) is again, by definition, zero. In Lobachevskian geom-

“etry, this kinematical dlagram corresponds to an assertion that a

Y ‘ straight line parallel to the given one can be drawn through eachpoint.

There exist two such straight lines: one intersects the original straight

The angle formed by the parallel straight line with the perpendicular
is called the Lobachevsky angle of parallelism, and is designated as-
TI(x), where x is the distance to the original straight line. At x = 0,

i
|
|
:
!
|
)
¢

" 3 clearly, H(x) = /2. Asthe distances x increase, TI(x) tends to zero.
The angle of parallelism is related to the distance x by the formula
Fig. 9. Aberration. The observer a sees o
the photon at an angle 6'; the observer b thz = cosII(z). @1
sees it at an angle 6. Instead of the angle of parallelism, we may consider its complement

relative to n/2, This quantity is known as the hyperbolic amplitude,
or gudermanian:

gd & = % —1I(2). (5.2)

Then formula (5.2) is restated as

th z = sin (gd 2). (5.3)
Angle a in Eq. (4.1) is precisely gdx, These formulas may be given a kinematical interpretation. The parallel
straight lines intersecting at an infinitely remote point correspond to the velocities of the photon (or of the neutrino)
relative to two other coordinate systems of any kind. If, for example, a 7°-meson decays into two quanta (Fig. 8),
then the kinematical diagram will have two angles equal to zero. Angle 6 of the divergence of two such quanta is
the angle at the vertex of the hyperbolic triangle, and the two other angles are zero angles, The magmtude of the
triangle may be expressed in tanhx, in the velocity of the n’-meson and angleé of flight o in the 7° system relative
to the observer's velocity L, It is readily seen that the angle 0 is of minimal size when the angle of flight ois w/2,
In that case, 0 is clearly the doubled angle of parallelism (tanhx = 8):

Omin=2lI(z) = 2arc cos B, (5.4)
where R is the velocity of the pion,
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As a first example, consider relativistic aberration: the transformation of the angle between a photon (or neu-
trino) and the relative velocity of two systems ba (Fig. 9).

The angle of emission of the photon in the system a relative to the velocity ba is designated as 8°, The same
angle in the system b is designated as 6. The broken line denotes the perpendicular dropped to ab,

The "straight lines” ay, by, and cy are parallel. Consequently,

—¢080" =thz; }

5.5
cos0 =thy. f (3:8).
By constructing tanh(x + y), which is equal to B (the velocity 2 in the system b), we obtain
cos 8 —cos 8’ _ v
1—cosBcos® p (5.6)

Solving Eq. (5.6) for one of the cosines, we derive the ordinary formulas. If the angle 8' is equal to 7 /2, the triangle
will become a right triangle (one angle 8, the other 7 /2). In this triangle, the angle 6 will be equal to arc cosB
(from the properties of the parallel lines), A photon which is flying at an angle 7 /2 in system a arrives in system b
at an angle almost coincident with the direction of motion (at 8 ~ 1). Consequently, the observer "sees” a luminous
object from system a rotated through the angle 7 /2. This beautiful phenomenon of rotation of a rapidly moving ob-
ject'was detected by Terrell [11], '

It is interesting to note that there exists a triangle in hyperbolic geometry which has all three angles equal to
zero and in which, as a consequence, the sides are pairwise parallel, The area of such a triangle is w /2, since it is -
equal to the difference between 7 /2 and the sum of the angles of the triangle, This kinematical triangle is en-
countered in the treatment of the decay of a particle into three photons, and correspondmg to this event we have
three infinitely removed points,

6. Top and Thomas Precession
Now consider the kinematics of a rotating particle, In this case, the advantage conferred by hyperbolic geom-
euy will become even more tangible,

In nonrelativistic mechanics, rotation is described by the three-dimensional angular velocity vector. The transi-
tion to Einsteinian mechanics requires a certain caution. We may assume the angular velocity to be a part of an anti-
symmetric tensor of second rank, as in the case of the magnetic field, Then, in the relativistic case, we have to in-
troduce still another three-dimensional vector similar to the electric field. This approach leads to the combining of
angular velocity and velocity of center of mass in a single tensor similar to the tensor uniting the electric and mag-
netic dipoie moments, The physical significance of this combination consists in the fact that an orbital velocity is
added to the angular velocity, The tensor so constructed is simply related to the total angular momentum of the par-
ticle (the sum of the orbital and spin angular momenta). It is possible, however, to avoid complicating the picture
by dragging the orbital motion into the discussion. Consider a top rotating in a uniformly moving system of coordi-
nates, Each point on its surface moves relative to the observer, at rest in the laboratory system of coordinates, along
a curve consisting of the sum of the rotational and translational .motions. The Lorentz transformation from the top ;
system to the laboratory system relates the pure rotation to the motion on the open curve. When we speak of rotation, |
we intuitively distinguish translational motion and rotation per se. It is not difficult to give a rigorous kinematic
sense to an operation of this kind. For this purpose, we define the angular velocity 4-vector such that, in the intrinsic
system of coordinates, it will have only the three spatial components coinciding with the components of the nonrela-
tivistic angular velocity, The covariant expression of this property will be the orthogonality of the angular velocity
4-vector, the linear velocity of the particie

w4 =0. © '1)
Equation (6.1) serves to define the 4-vector in any other coordinate system, Viz., the angular 4-velocity of a particle
moving at a velocity u = (y, u), where y = (1 — 8%~ 2, is defined by formulas '
(0u) u
7 —_ 1 .
@ ity 7
@ =(op).

(6.2)

In hyperbolic geometry, formulas (6.2) demonstrate that the angular velocity vector lies in a three-dimensional
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Fig. 10, Thomas precession, Rotation of the axis
of the top is equat to the triangle area, in the first
approximation, the triangle being formed by velo-
cities of the top at two instants t and t + dt,
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Fig, 11, Diagram of synchronization of coordi-
nate systems and clocks involving three observers,

space orthogonal to the particle's velocity vector, i.e., the
angular velocity vector always remains a three-dimensional
vector, Consider the components of this vector from the view-
point of different observers, In order to successfully compare
the components, the observers must somehow agree on a me-
thod for comparing the systems of coordinates per se, If the
observer's systern is L, and the system of the particle is R,
then the description of the angular velocity in terms of Eqgs.
(6.2) is its description in system L. We may use a different
approach, constructing another system of coordinates, this
time corresponding to the R system, within the L system,Then
the observer in R will be able to communicate, to the ob-
server in L, the three components of the velocity vector which
could be used to construct the vector in the L system. Here
we run up against the way in which the problem of compar-
ing vectors situated at different points of space is non-
Euclidean geometry is handled., In order to be able to make
-such a comparison, we must bring the vectors to be compared
to a common point, We are then confronted with the problem
of how to define such an operation in an invariant manner. To
begin with, both observers may define one of the axes in the
direction of their relative velocity (whereupon one of the ob-
servers will assume the velocity to be positive, the other ob-
server will assume it to be negative), ‘

In order to define the second axis, we must draw the
normal to the plane. We choose still another auxiliary system
" with the velocity this time not parallel to the relative velo-

city of the L and R systems, We"designate this system as U. Then, with the aid of an antisymmetric tensor of rank

four, we construct the 4-vector N:

No = eapys L'RVU®. (6.3)

It is readily seen that, in each of the three systems L, R, and U, this vector will be reduced to a conventional three-
dimensional vector product, Actually, in these systems one of the indices will be zero, while the other two will range

through exclusively spatial values,

Accordingly, two spatial axes each are constructed in the R and L systems. The third axis in each system is
constructed as a perpendicular to the other two, The geometrically described construction corresponds to the parallel
translation of the vector along the geodesic joining points R and L,* It is clear here that, since the observers are
present in different systems, this "synchronization”* * of the coordinate systems cannot result in any contradiction
whatever, We will encounter a new phenomenon when we execute a parallel translation along a closed circuit, As
is generally known from geometry, in a parallel translation along a closed circuit the vector does not return to the
initial position, but rather rotates through an angle equal to the area swept out by the circuit. Rotation proceeds in
the direction opposite to the motion along the circuit (i.e., the vector fails toregain its initial position). In the case
of a wriangle, the area is equal to the hyperbolic defect. ‘

The simplest example of this type is what we know as Thomas precession. Consider a top flying at a velocity 8.

Let it acquire an acceleration B, and its velocity will become 8 + 'Bdt in a time dt*** (Fig. 10). In order to ascertain

*We stated that the direction of the relative velocity of R from the viewpoint of L is not completely opposed to the
direction of the velocity of L from the viewpoint of R, This "rotation,” associated with a pseudo-Euclidean metric,
is responsible for reducing the 4-vector to a three-dimen three-component counterpart. The magnitude of this rota-

tion is gd (LR) = (m /2) — II(LR),

* »We use the term "synchronization” by analogy with the operation of synchronizing clocks — an analogy fraught

with profound significance, as we shall see later on,

+ + * The wiangle drawn here is an isosceles triangle, since pdt is infinitesimally small,
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how the direction of the angular velocity varies, we must compare the angu-
lar velocity vector converted from the initial system of the top R to the sys-
tem of the observer L, with the angular velocity vector in the top system Ry
likewise converted into the L system,

The difference of interest here is none other than the rotation of the

vector in the parallel translation along the perimeter of the triangle equal
to the area of the triangle. To compute this perimeter, we find it convenient
to ignore Eq, (3.10) and instead use its equivalent
i4cha-tchbtche ,
b o | Elattglic |- (6.4)

a
8 ch? 5 ch? 5 ch? 5

sin S =

Fig. 12, Direction of spin from the
viewpoint of two observers A and B,
Angles formed by the spin o with

the relative velocities AC and BC

differ from each other by the angle
C. This constitutes the rotation of
the spin in the conversion from one
coordinate system to the other, :
When C = Ozcase of photon or neu- §= .i\:—y “3 X B,dt' 6.5)
rino), no rotation takes place,

In this formula, the last term is the length of the normal to the plane
of the triangle with vertices u, up, and us. In the system where, e.g., ais
atrest, this multiplicative factor is simply equal to the length of the vector
product of the spatial parts of 4-velocities b and c. Put tanha = tanhb = 8.
Now note that the magnitude of Bdt is infinitesimally small and that cosha
=coshb =y, 4cosh®(a/2)=1+ y , and put

Consequently, the top processes, in response to an acceleration R , at an angu-
lar velocity '

Q= "‘T\Q—Y“z'ﬁxﬁi- (6.6)
In a lower order of magnitude with fespect to velocity, the precessional velocity will be

Q< [P <Pl : 6.7

\.rlb6

£

i.e., equal to the area of the triangle computed from the formula used in Fuclidean geometry‘. This effect is known
as Thomas precession, and its derivation is usually quite cumbersome (cf, [12]).

With respect to Thomas precession, we might dwell in somewhat greater detail on the problem of synchronizing
the coordinate systems. Suppose that there exist three systems of observers moving uniformly, such that system 1 at
first goes through an encounter with system 2, then system 2 later encounters system 3, and finally, systemn 3 completes
the circuit by an encounter with system 1. System 1 must possess dimensions large enough to facilitate the last en-
counter (clearly, the encounter will take place in some other part of system 1). If, during the first encounter, ob-
servers 1 and 2 synchronize their coordinate systems, then, following that, during the encounter with observer 3, ob-
server 2 transmits to observer 3 the direction so obtained, we should find that as the information returns to system 1
at the time of the second encounter participated in by observers 3 and 1, the system will be rotated through the Thomas
angle of precession £2. Consequently, no unique three-dimensional coordinate systems can be selected in moving sys-
tems, This effect is similar to the familiar clock paradox illustrated in Fig, 11. If the observers transmit information
on the time at the encounters, then the clocks will be running slow at the return to system 1, The amount of time
by which they run slow will, of course, be equal to the perimeter of the triangle (in conventional space), and the ex-
tent to which the coordinate systems will be lagging behind will be equal to the area of the triangle (in velocity space), *

*The clock paradox is usually considered in discussions involving only two observers, In this case, we have to intro-

duce nonuniform motion on the part of one of these observers (rotation to the backward path). This difficulty is ob-
viated in the three-system case, but we have to speak in terms of the synchronization of clocks relative to the first
system, since encounters 1-2 and 3-1 occur at different points in the first system. Moreover, the synchronization of
the clocks relative to a coordinate system executing uniform motion presents no difficulty. Both effects: the clocks
running slow and the rotation of the coordinate axes, of course also depend on the curvature of the space,
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7. Spin

Everything said about the top also refers to the kinematics of spin.* In particular, the law of spin transforma-
tion is in agreei‘nent with Eq. (1.2), since the transformation is a kinematical operation dependent solely on velocity,
This is, however, valid only for free particles, If the particle is in an external field, then the situation changes, The
particle present in an external field has no specific momentum and velocity and, therefore, no system of rest can be
introduced for it. Consequently, it is not possible to make a straightforward determination of the spin, As a result,
admixtures of states-with a lower spin assignment appear for a particle in a field, which must be coped with by the
introduction of various additional conditions, Only for particles of half-integral spin (and, of course, spinless par-
ticles) and for a photon does spin remain a well-defined concept, because of gauge invariance, We shall therefore
limit our remarks to free particles,

If spin is drawn as a vector in its own system, then it is clear from Fig. 12 that, from the point of view of two
observers A and B, the angle formed by the spin and the velocity differs by the angle at the vertex C, the intrinsic
system of the particle. If the particle has mass, then the angle at C is zero. Clearly then, a longitudinally polarized
zero-mass particle remains longitudinally polarized in any coordinate system, i.e., the concepts of a long1tud1nally
polarized neutrino and circularly polarized photon are relat1v1sucally invariant concepts,

If a pamcle possessing spin is scattered, which is the analog of acceIeranon of the particle in the classical
problem, then, in addition to the changes in spin direction ® in nonrelativistic scattering, the spin also undergoes a
Thomas rotation €, calculated from the area of the triangle with vertices corresponding to the laboratory system and
to the rest systems of the particle before and after scatterifg.* * The total rotation ¢ of the spin is therefote [16]

v=D—|Q].

The precession of the spin plays an important role in scattering. Rotation of spin in scattering, e.g., of an elec-
tron in a Coutombd field, signifies spin-orbit coupling in classical mechanics, The Thomas rotation consequently
serves as the reason for the spin-orbital splitting in the hydrogen atom and polarization of the electron in scattering
on nuclei — phenomena which, are incomprehensible from the classical standpoint, since Coulomb interaction is not
explicitly dependent on spin,

Parallel translation of the spin makes possible a clear illustration of the addition of spins in systems of particles,
Since a parallel translation makes it possible to bring all the spins to a single point (one coordinate systemn) and the
angles between the translated spins are calculated in a straightforward manner from the formilas of hyperbolic geom-
etry, the problem reduces to the addition of spins in a smgle coordinate system, i.e., to an ordinary nonrelativistic
problem, '

Summary

Our purpose in this article has been to direct attention to the almost too obvious fact that a knowledge of the

. geometry of velocity space is a prerequisite to working effectively with vectors in velocity space, Just as one may

proceed in ordinary geometry by the exclusive use of analytical formulas, without ever resorting to the diagramma-
tical methods of trigonometry, one may also get along in Einsteinian kinematics without the use of drawings and
trigonometrical formulas, However, this approach, which was in its time the ideal pursued inLagrangian mechanics,***
could hardly be the ideal variant in our times, The apparatus of theoretical physics has now becomes so complex
that any pictorial representations (and rigorous ones all the more so), are destined to play an mcreasmgly more prom-
inent role in science,

In conclusion, I should like to express my acknowledgements to N. A, Chernikov for his valuable and kind dis-
cussions of the problems touched upon in this article,

*Reference is also valid to the other multipole moments of nuclei, which we shall not discuss here (cf. [13]). The
relationship between spin and Lobachevskian geometry was taken up earlier by the author [14],

* * This effect has been described by Stapp [15].

* ¢ * Lagrange wrote, in the preface to his Mecanique Analytique, that his "methods...require neither constructions,
nor geometrical or mechanical reasoning, resting exclusively on algebraic operation subject to a correct and unified
development™ [17].
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ELECTROKINETIC EFFECTS IN LIQUID MERCURY
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Translated from Atomnaya Energiya, Vol, 14, No. 1,
pp. 122-127, January, 1963
Original article submitted August 15, 1962

Introduction

Recently, much attention has been paid to the electrical properties of samples of small cross section, principal-
ly films, In [1-7] it was shown that when the transverse dimensions of the sample are comparable with the free path
length of the current carriers, anomalous values of the conductivity, Hall effect, etc,, are observed,

According to the Thomson—Fuchs hypothesis, this is due to the fact that only the & proportion of the carriers is
reflected elastically from the inner surface of the sample, the other, (1 — &), part of the carriers undergoes inelastic
(diffuse) scattering at the boundary. As a result, in a thin boundary layer (thickness ~3\), the free path length and
the concentration of the current carriers will be less than within the sample as a whole.

In [8] it was shown that in ligquid conductors with a small cross section (capillaries with liquid metal), electro-
kinetic effects will be observed at (1~ €) # 0. For example, if a current is passed through the capillary, an electro-
osmotic pressure

Pe=0,8(1-—¢)enV |<JL\‘*2 _ (1)

Ty J

is created. On the other hand, if liquid metal flows through the capillary at a pressure p 3 difference in potentials V
is set up at the ends of the capillary (transfer potential):

V= —01(1— )ﬂx—z—p, @

where e is the electron charge; n and A are the concentration and free path length of the current carriers, respectively;
o is the conductivity of the liquid metal; ry is the radius of the working capillary.

The value and direction of the electrokinetic effects are independent of the type of conductivity of the metal,

This paper gives the results of investigations into the electrokinetic effects in mercury at room temperature,
and the procedure employed for this work,

Experimental Procedure

The investigation was carried out by two methods: measurement of the electrokinetic mobility « of the mer-
cury level in a type A apparatus (Fig. 1), and measurement of the difference in levels in a type B apparatus while
passing a current through the working capillary.

For mercury, Klemm [9] found an electrokinetic mobility o = (v/E) = 2.5 - 1073 ecm/V - secin a diaphragm in -~
the form of a 1.5-mm diameter capillary, filled with ~0,1-mm diameter glass pellets (v is the rate of displacement |
of mercury under the effect of a potential E). ‘

It should be noted that in this case the values of the electrokinetic effects cannot be calculated exactly, because
of the indeterminancy of the geometric form of the conductor cross section, Therefore, we conducted the experiments
in cylindrical capillaris [ry, = (5-20) - 107° cm], so as to check the correctness of the theory effects, given as an ap-
proximation of the theory of free electrons in [8], '

Determination of the Value (1 — ¢) fiom the Mobility of the Level. Mercury (twice distilled) was poured from
flask 1 in position II into capillary 10 (see Fig. 1), evacuated to ~1073 mm Hg, and dried at 150-200°C, in such a way
that the level of the mercury was located approximately in the middle of horizontal areas 2 and b of the measuring
capillaries. The position of the levels was recorded by counting microscopes, graduated in (1 35- 2) 1074 cm/ div.
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Since apparatus A was very sensitive to tempera-
ture changes (displacemant of the levels by about 400
div/ deg), it was necessary to employ very accurate
thermostatic control, The apparatus was therefore lo-
cated in a Dewar flask and was entirely heat-insulated,
except for small sectors in the area of levels a and b,
Furthermore, to reduce the Peltier effect we used plati-
num electrodes (this effect is small at a mercury — plati-
num contact), located within a considerable volume of
mercury, which assisted intense heat dispersion; the tem-~
perature of the electrodes was meaasured by iron-constan-
tan thermocouples to an accuracy of up to ~2+ 1072 °C.

The velocity of displacement of the levels at a
predetermined V was measured (Fig. 2) after temperature
equilibrium of the apparatus had been attained (points x:
at 90 min, the current was switched on, at 100 min the
direction of the current was changed; length of capillary
L=12 cmjry, =5+ 1073 cm; v = 0.18V), or after the
change in velocities of the levels in the linear area of
thermal expansion with a change in the current direction
at 10-20 min intervals (points O: L = 16 cm; ryy = 88
- 10~% cm; V = 0.36V). The velocity of displacement of
the levels was about 107° to 1078 cm/sec. The lesser
slope of the broken part of the curve corresponds to a
positive potential at the electrode near this level, The
curves were obtained in different apparatuses.

Fig. 1. Diagram of the apparatuses. A) Apparatus for
measuring electrokinetic mobility, B) Apparatus for
measuring the difference in levels, 1) Flask with liquid

metal; 2) vacuum cocks; 3) glass filters; 4) measuring v Frm\t_ Ly rm?

1 . s e . aO_E&’. ~ vV (r )UO' (3)
ubes with liquid wetting the surface of the glass and W 7 W

mercury; 5) measuring capillary; 6) floats; 7) and 12)
outlet and inlet pipes for the thermostatic-conwol li-
quid; 8) current conducting electrodes; 9) electrode-
vicinity mercury; 10) working capillary; 11) airjaéket.

The mobility of the level was determined from the
equation

where v, is the observed rate of movement; Iy is the
radius of the measuring capillary; L, is the length of the
working capillary,

Allowance for friction during movement of mercury
in the measuring capillary gives the relation

T 1 .
B et i S )
’,,/| Vo= 5 T BLsm P2 T S, )

g 4 4 ] : ‘ ,

5 /x / T - where 1 is the viscosity of mercury; Q is the volume of
s 7 / mercury; S is the cross section of the capillary; F is the
< 20 /./r — friction force in the measuring capillary, equal to

F=2mn Ly o
Hence, the observed mobility of thé level ~
0 50 00 t,min
VL Ty NP Ry
Fig, 2. Velocities of displacement of the levels. Go=0d—7 Ly ’_m> 7 Yo )

Taking Eq. (3) into account, we obtain

a=u, [-1 71 Lmr 7wyt ] , (6)
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The relationships.

Ly~Ly; ~¥a107,

l‘m

were generally obtained in apparatus A, i.e., the second term within the brackets in Eq. (6) was of the order 107%,
and the correction introduced by this was considerably less than the measurement error,

Therefore,it was assumed that

U= : (D

Measurement of the Difference in Levels of the Mercury, Determination of (1 — €) by the difference in levels
of the mercury was carried out in a type-B apparatus (see Fig. 1), which differed from apparatus A only with respect
to the upper measuring part. The area above the levels was filled with a solution of mercury in nitric acid or silicone
oil, in which glass floats, in contact with the mercury level, were located. The whole system was located in a Dewar
flask up to the heads of the floats and a change in room temperature did not affect the position of the levels and,
therefore, the floats, Observations were carried out on the position of the heads of the floats,

The sensitivity of the system to temperature variations was reduced considerably as a result of the large cross
secnon of the measuring areas and the possibility of improved thermostatic control; it was about 3-15 div/deg or -
1073 10 1072 cm/ deg. Movement of the level (rise or fall) as a result of the effect of electroosmotic pressure was
very slow because of the low value of the latter, and the volume of mercury necessary to flow over before equilibrium
was established (pg = hyd), was relatively large; therefore, the flow-over time tf was considerable (d is the sp. gravity
of mercury; hy is the initial difference in levels of the mercury),

To reduce the time of a measurement, we employed the following calculation method. If the level in an
"elbow" was displaced by a value X in a time t << tf, it could be assumed that "flow-over"took place under the effect
of an average pressure P,y =«(Pg + Px)/ 2. But py = pp— 2Xd and P,y = PE~ Xd. Hence, the average rate of "flow-

over” is
"m m
=00 =7 (R) =

(pe— Xd).

- (8)

o'r]L

Friction within the measuring tube may be neglected because
’
’m) ~ 102,

Expressing the radius of the capillary by its length, conducnvny and the resistance of the mercury in the capil-
lary, we obtain

ey MiweX deL,X
(1 8)*0,1enA2Vt+0,8nenx2V1f' » . (9)

where p is the specific resistance of mercury; R is the resistance of the capillary,

Experimental Results , »

Determination of the Temperature of the Boundary Layer. The temperature of the mercury in the working capil-
lary was determined as the sum of the temperature T-p of the thermostatic-control liquid flowing around the capillary
and the temperature fall ATy at the walls of the working capillary as a result of liberation of Lenz — Joule heat in the
working capillary:

T=T,+AT;.

We will assume that the temperature of the contacting surfaces of mercury and the walls of the capillary are
both equal to the temperature T of the mercury in the boundary layer (it is this boundary layer temperature which is
of interest to us), and that the temperature of the outer surface of the capillary is equal to the temperature T of the
thermostatic-control liquid,
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The heat flow g through a layer of thickness dr in the wall of the capillary will be

== — ;\anLw%g- = % L (10)

Hence,

¥2in ( »’?L>
o ~"ws
ATy = AL R

For the temperature of the boundary layer of mercury we obtain
V2in /“ri>,
T=T.+ TA%TRL , ' (11)
where g and 1y are the outer and inner radii of the working capillary; A is the thermal conductivity of the glass,

Under our experimental conditions the temperature fall at the walls of the capillary was 4 10"% 10 15°C, and
in cases where AT < 3°C we did not take it into account,

Choice of the Values of n and A. For calculating the value of (1 — €) in Eq. (9), the viscosity of mercury was
taken from [10], and the concentration of the carriers was calculated from the Hall constant Ry = —14.6 * 1075 (in
emu units) [11], The value obtained, n = 8,4 - 102 cm™?, agrees very closely with the value of ny calculated on
the assumption that there are two conductivity electrons per atom of mercury,

The value of the mean free path length A of the conducrivity electrons is obtained from the relation
A =3,6-10711 Q < cm?, (12)

derived by experiment for solid mercury [3, 6] at low temperatures, We employed this relation on the assumption
that the specific role of "short-range order” is retained in liquid mercury, and that relation (12) remains effective for
the latter, Hence,

A=3,7.1077 cm.

Displacements of the Levels of AN; and AN,, These displacements are resulting displacements, first — by the ef-
fect of the current ANE1 ) and, second, as a result of the change in temperature of mercury in the apparatus, ANT1 .

AN, .=+ ANg, , + ANy, ,. ' (13)

Displacements ANE, and ANE2 have different signs in the left-hand and right-hand elbows of the apparatus,
whereas the ANp . signs are the same (the right-hand and left-hand sections of the apparatus are under the same
temperature condli'tions). Therefore, by taking the difference in displacement of the levels in a time t, and taking
the sign into account, we eliminated to some extent the effect of temperature on the value X:

(£ AN + AN )~ (£ ANy, £ ANy)
5 =

A‘[VEI—*”AjvE'v

— =

&

X=

(14)

Since the displacement of one of the levels in the U-shaped capillary takes place under the effect of a small
electroosmotic force Fg = pgSy,, the force of viscous friction Fy =2m LW)'( (X = —g?x) , and the force occurring as a

result of the difference in levels 2X, equal to Fo = 2dXS,,, the equation of movement of the level will have the form

X+ 28X +oX =4, (15)

2 h
whereB:—’;_:wzz ;A:—o-g_
Sry, Lw Ly
ity acceleration).

(8 is the density; hy = 2h is the difference in the levels at pp = hyd; g is the grav-
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Fig. 3. Displacement of the level in relation to time (apparatus B),
The solution of Eq. (15) gives aperiodic variations of the level

[ (R0} 69

where o) 5 = =R 4 ¥ 82— w? are the roots of the characteristic equation corresponding to differential equation (15).

X:h{

The electrokinetic mobility o was measured in apparatuses with capillaries of radius Iy = (5-15) » 1072 cm at
current densities 10® to 10° A/ cm?, The mean of measurements at T = 20~30°C is

=(2,5 % 1,2)-10°3 e / V- sec,

which agrees with Klemm's results [9], obtained in experiments with a diaphragm of glass pellets, It follows theo-
retically [8] (and taking into account Poiseuille's formula for a viscous liquid) that the electrokinetic inobility

2 Q _01{d—e)eni? an
TE T SE 1
is independent of the dimensions and geometric form of the cross section of the sample and is a property of the sub-
stance, depending on the valuesn, A, 7,and (1 —¢).

By measuring the value (1 — &) from the difference in'levels, we obtained for mercury
(1--8)=(2,4 + 1,4)-10"2.

However, employing the electrokinetic mobility atn = 8.4+ 1022 cm™3, X\ = 3,7- 10 7 cm, andn = 1,54 - 1072
poise, we obtain -

(1—e)=-2"_~21.102.

017

As may be seen, both methods of measurement give the same results,

Reverse Electrokinetic Effect, An attempt was made to measure the transfer potential, The experiments showed
that an electrokinetic effect exists, its value being Vy,/p ~10°° V/ mm Hg, We detected heating of the mercury
flowing through the capillary, causing the appearance of a thermal electric potential at the mercury — platinum con-
tacts, of the same order as Vi, It may be expected that by increasing the sensitivity of the apparatus and increasing
the volumes of metal at the electrodes, or by locating the latter further from the ends of the’ capillary, it will be pos-
sible to eliminate the thermal emf effect and measure the transfer potential,

Discussion of the Results
The results of our experiments showed that electrokinetic effects in mercury may be measured readily not only
in diaphragms of increased sensitivity [9], but also in caplllanes alone,

These results show that at room temperatures the system behaves as if virtually specular reflecuon from the
boundaries of the electrons and holes occurred.

However, it may be assumed that all the electrons (the current carriers, in general) have diffusion scattering at
the interface (¢ = 0), but in the layer at the wall, of thickness ~3\, the viscosity of the liquid is increased substantial-
ly, which leads to a reduction in the electrokinetic effect, This assumption is very probable if the experimental data
and theories in [3-7, 12-15] are taken into account, '

Since the electrokinetic effects are determined by processes in the boundary layer only, it may be approximately
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assumed that the viscosity 7, included in the equation of electrokinetic mobility (17),is the mean value for a boun-
dary layer of thickness ~3X\,

The assumption that the viscosity at the wall is different to that within the liquid as a whole may be considered
as a consequence of the theory of liquid viscosity [12], As was shown by theoretical calculation in [14], the mobility
of mercury particles in a monomolecular layer at the wall of a glass capillary is 10%-fold less than the mobility with-
in the liquid as a whole, and is expressed by the relation

u W-—-Ww
‘b " b
u ~ er — 1\11 B s
where W is the surface energy of a microcavity within the liquid, appearing as a result of wansfer of a particle from
a given equilibrium position to another one; Wy, is the same, but in 2 monomolecular layer at the wall. Determina-
tion of the mean mercury viscosity at € = 0 (at the accepted values of n aud A), gives ‘

0,1en)? .
W = 0,7 poise.

Therefore, the mean viscosity of mercury in the immediate vicinity of the mercury — glass boundary in a layer
of thickness ~3X is nearly twice as high as within the mercury as a whole,

Figure 3 gives a comparison of the curves plotted from Eq. (16) for the viscosity of mercury at 20°C within the
mercury as a wholeny, = 1,5 - 1072 poise (@) and 1 gy = 0.7 poise (A), with the experimental curves (O). As may be
seen from this figure, the points of the experimental curve (rfN =4,7+107° cm,L, =42cm, hy = 48 - 10™* cm, Vv
= 8.4V) lie near the curve with mean viscosity.

The temperature and the admixtures must have a marked effect on the properties of the boundary layer (wetting,

contact potential, viscosity, etc,). A marked relation may be expected between the electrokinetic effects and the
temperature and admixtures,

There is a definite possibility of investigating viscosity anomalies near solid body — liquid boundaries by exami-
nations of the electrokinetic effects. :
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"Man will become master of nature (Work in the Institute of Atomic Energy of the Academy of Sciences,USSR;
Conversation with the Director of the Institute, Academician L V. Kurchatov),” Moskovskaya Pravda, November 15
(1959). _ | ‘

Speech at thé Joint Session of the Council of the Union and the Council of Nationalities of the Supreme Soviet
of the USSR. January 15, 1960. Stenographic report, pp., 141-144 (1960),

"Development of atomic physics in the Ukraine,” Pravda, February 7 (1960),

"Some results of investigations on controlled thermonuclear reactions, obtained in the USSR, Usp. fiz. nauk,
13, 4, 605-609 (1961). ’
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Soviet Journals Available in Cover-to-Cover Translation

ABBREVIATION RUSSIAN TITLE TITLE OF TRANSLATION PUBLISHER TSA‘NSLAITION BEyﬁAN
. N of. ssue ear
AE Atomnaya énergiya Soviet Journal of Atomic Energy Consultants Bureau ) 1 1 1956
Akust. zh. Akusticheskii zhurnal Soviet Physics —"Acoustics American Institute of Physics 1 1 1955
Astronomicheskii zhurnal Soviet Astronomy — AJ American institute of Physics 34 1 1957
Astr(on). zh(urn). Avtomaticheskaya svarka Automatic Weldin Br. Welding Research Assn. (London) 12 1 1959
Avto(mat). svarka Avtomatika i Telemekhanika Automation and Remote Controt Instrument Society of America 27 1 1956
Biofizika Biophysics National Institutes of Health** 6 1 1961
Biokhimiya Biochemistry Consultants Bureau 21 1 1956
Byull. éksp(enm) Byulleten’ éksperimental’noi Bulletin of Experimental Consultants Bureau 41 1 1959
biol. d.) * biologii i meditsiny Biologv and Medicine
Doklady Biological Sciences Sections Nationai Science Foundation™ 112 1 1957
(includes: Anatomy, bmchemlstry, biophysics,
cytology, ecology, embry ogy,
endocrinology, evolutionary morphology,
genetics, histology, hydrobiology,
Life microbiology, morphology, parasutology,
Sciences physiology, zoo:ogy) .
Doklady Botanical Sciences Sections National Science Foundation* 112 1 1957
(inciudes: Botany, phytopathology,
® plant anatomy, plant ecology,
£ plant embryology, plant physiology,
>3 plant morphology)
2 Proceedmgs of the Academy of Sciences
®» 5 SSR, Section: Chemical Technology Consultants Bureau 106 1 1956
£% Chemical Proceedmgs of the Academy of Sciences .
- 9 Sciences of the USSR, Section: Chemistry Consultants Bureau 106 1 1956
o w Proceedmgs of the Academy of Sciences
DAN (SSSR) Doklady Akademii 5c of the USSR, Section: Physical Chemistry Consuitants Bureau 112 1 1957
DoklI(ady) AN SSSR Nauk SSSR = v Doklady Earth ‘Sciences Sections American Geologicai Institute 124 1 1959
s 9 (includes: Geochemistry, geology,
2 5 geophysics, hydrogeology, lithology,
g3 - Earth. mineralogy, oceanology, paleontoiogy,
-1 Sciences permafrost, petrography)
2o Proceedmgs of the Academy of Sciences 106- 1 1956-
.2 of the USSR, Section: Geochemistry Consultants Bureau 123 6 1958
Proceedmgs of the Academy of Sciences 112- 1 1957-
e USSR, Section: Geology Consultants Bureau 123 6 958
Mathematics Sovuet Mathematlcs — Doklady American Mathematical Society 130 1 1960
Soviet Physics — Doklad! American Institute of Physics 106 1 1956
(inctudes: Aerodynamics, astronomy,
crystallography, cybernetics and control
. theory, electrical engineering, energetlcs,
Physics fluid mechanics, heat engineering,
hydraulics, mathematical physics,
mechamcs physics, technical physics,
theory of elasticity sections)
Elektrosvyaz’ Telecommunications Am. Inst. of Electrical Engineers 1 1957
Ent'&m(ol). oboz(r). Entomologicheskoe obozrenie Entomological Review National Science Foundation** 37 1 1958
Fizika metallov i metallovedenie Physics of Metals and Metallography Acta Metallurgica 5 1 1957
FTT, Fiz. tv(erd). tela Fizika tverdogo tela Soviet Physics — Solid Sta American Institute of Physics 1 1 1959
Fiziol. Zh(urn). SSSR Flznglllo%chre'sku zhurnal imeni Sechenov Physiological Journal USSR National Institutes of Health** 47 1 1961
-M. Sechen
Fiziol(ogiya) rast. Fiziologiya rastenii Plant Physiology National Science Foundation* 4 1 1957
Geodeziya i aerofotosyemka Geodesy and Aerophotography . American Geophysical Union 1962
- Geokhimiya Geochemistry The Geochemical Society 1 1 1956
Geol. nefti i gaza Geologiya nefti i gaza Petroleum Geology Petroleum Geology 2 1 1958
Geomagnetizm i aeronomiya Geomagnetism and Aeronomy American Geophysical Union 1 1 1961
3 ) Iskusstvennye sputniki zemli Artificial Earth Satellites Consultants Bureau 1 1 1958
tzmerit. tekhn(ika) Izmerite!’naya tekhnika Measurement Techniques Instrument Society of America 7 1 1958
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1zv. AN
O(td) Kh(lm) N{auk)

Izv. AN SS!
O(td). T(ekhn) N(auk):
Metall). i

fzv. AN SSSR Ser fiZ(lCh).

1zv. AN SSSR Ser. geofiz.
Izv. AN SSSR Ser. geol.

1z. Vyssh. Uch. Zav.,
Tekh. Teks. Prom.

Kauch. i rez.

Kolloidn. zh(urn).

Metallov. i term.

Met. i top.(gorn.)
Mikrobiol.

0OS, Opt. i spektr.
Paleontol. Zh(urn)

Pribory i tekhn.
€ks(perimenta)

Prikl. matem. i mekh(an).

PTE

Radiotekh.
Radiotekhn. i élektron(ika)

Stek. i keram.
Svaroch. proiz-vo
Teor. veroyat. i prim.
‘lszFvet metally

UKh, Usp. khimi

Vest mashinostroeniya
Vop. onk(ol).

%ﬁv(odsk). lab(oratoriya)

AKF, Zh. anal(it). Khim(ii®

Z
Zh. éksperim. i teor. fiz.
ZhFKh
ZthiZ. khimii
Zh. neorg(an). khim.
Kh
Zh, obshch. khim.
ZhPKh
Zh prikl. khim.
hS
Zh strukt(urnon) khim.
Zh tekhn fiz.

Zh. vyssh. nervn. deyat.
(im. Pavlova)

*Sponsoring organization. Translation published by Consultants Bureau.
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Izvestiya Akademii Nauk SSSR:
Otdelenie khimicheskikh nauk

(see Met. i top)

Izvestiya Akademii Nauk SSSR:
Seriya fizicheskaya

lzvestiya Akademii Nauk SSSR:
Seriya geofizicheskaya

Izvestiya Akademii Nauk SSSR:
Seriya geologicheskaya

Izvestiya Vysshikh Uchebnykh Zavedenii
Tekhnologiya Tekstil’noi
Promyshiennosti

Kauchuk i rezina

Kinetika i kataliz

Koks i khimiya

Kolloidnyi zhurnal

Kristallografiya

Metallovedenie i termicheskaya
obrabotka metallov

Metallurg

Metallurglya i toplivo (garnoye de|o)

Mikrobiologiya

Ogneupory

Optika i spektroskopiya

Paleontologicheskii Zhurnal

Pochvovedenie

Poroshkovaya Metallurgiya

Priborostroenie

Pribory i-tékhnika €ksperimenta

Prikladnaya matematika i mekhanika

(see Pribory i tekhn, éks.)

Problemy Severa

Radiokhimiya

Radioteknika

Radiotekhnika i électronika

Stal’

Stanki i instrument

Steklo i keramika

Svarochnoe proizvodstvo

Teoriya veroyatnostei i ee primenenie

Tsvetnye metally

Uspekhi fizicheskikh nauk

Uspekhi khimii

Uspekhi matematicheskaya nauk

Vestnik mashinostroeniya

Voprosy onkologii

Zavodskaya laboratoriya

Zhurnal analiticheskoi khimii

Zhurnal eksperimental’noi i
teoreticheskoi fiziki

Zhurnal fizicheskoi khimii
Zhurnal neorganicheskoi khimii
Zhurnal obshchei khimii

Zhurnal prikladnoi khimii

et ot it s S

Zhurnal strukturnoi khimii

Zhurnal tekhnicheskoi fiziki

Zhurnal vychislitel’'noi matematika i .
matematicheskoi fiziki

Zhurnal vysshei nervnoi
deyatel’nosti (im I. P. Paviova)

**Sponsoring organization. Translation published by Scripta Technica.

Bulletin of the Academy of Sciences of
the USSR: Division of Chemical Science

Bulletin of the Academy of Sciences
of the USSR: Physical Series

Butietin of the Academy of Sciences
of the USSR: Geophysics Series

Builetin of the Academy of Sciences
of the USSR: Geologic Series

Technology of the Textile IndUustry, USSR

Soviet Rubber Technology

Kinetics and Catalysis

Coke and Chemistry, USSR

Colloid Journal

Soviet Physics — Crystallography

Metals Science and Heat Treatment of
Metals

Metallurgist .

Russian Metallurgy and Fuels{mining)

Microbiology

Refractories

Optics and Spectroscopy

Journal of Paleontology

Soviet Soil Science

Soviet Powder Metallury and Metal Ceramics

instrument Construction

Instruments and Experimental Techniques
Applied Mathematics and Mechanics

Problems of the North

Radiochemistry

Radio Engineering

Radio Engineering and Electronic Physics
Stal (in English)

Machines and Tooling

Giass and Ceramics

Welding Production

Theory of Probability and Its Application
The Soviet Journal of Nonferrous Metals
Soviet Physics — Uspekhi (partial transtation)
Russian Chemical Reviews

Russian Mathematical Surveys

Russian Engineering Journal

Problems of Oncology

Industrial Laboratory

Journal of Analytical Chemistry

Soviet Physics — JETP
Russian Journal of Physical Chemistry

Journal of Inorganic Chemistry

Journal of Genera! Chemistry USSR
Journa! of Applied Chemistry USSR

Journal of Structural Chemistry

Soviet Physics — Technical Physics

. .R. Computational Mathematics and
Mathemahcal Physics

Pavlov Journal of Higher Nervcus‘Activity

Consultants Bureau

Columbia Technical Translations
American Geophysical Union

American Geological Institute

The Textile institute (Manchester)
Palmerton Publishing Company, Inc.
Consultants Bureau

Coal Tar Research Assn. (Leeds, England)
Consultants Bureau

American Institute of Physics

Acta Metaliurgica

Acta Metallurgica

Scientific Information Consultants, Ltd.
National Science Foundation*

Acta Metallurgica

American Institute of Physics
American Geological Institute
National Science Foundation**
Consultants Bureau

Taylor and Francis, Ltd. (London)

Instrument Society of America
Am. Society of Mechanical Engineers

National Research Council of Canada
Consultants Bureau

Am. Instifute of Electrical Engineers
Am. Institute of Electrical Engineers
{ron and Steel Institute

Production Engineering Research Assoc.
Consuitants Bureau

Br. Welding Research Assn. (London)
Soc. for Industrial and Applied Math.
Primary Sources

American Institute of Physics

Chemical Society (London)
Cleaver-Hume Press, Ltd. (Lendon)
Production Enguneenng Research Assoc.
National Institutes of Health**
Instrument Society of America
Consultants Bureau

American Institute of Physics
Chemical Society (London)

Chemical Society (London}
Consultants Bureau
Consultants Bureau

Consultants Bureau
American Institute of Physics

Pergamon Press, Inc. .

Nationa! institutes of Health**
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SOVIET PRHGRESS IN NEUTRON PHYSICS
Edited by P. A Krupchitskii -

e
- A collection' of 40 original and. review
papers by Soviet spemahsts publication
of which was ‘deemed- essential by the
_ editorial board: of 'the Soviet Journal of
Atomic Energy. The collection includes
18 contributions on moderation, reso-
nance absorption, and neutron diffusion;

12 on the interactions of ‘fast neutrons -

with nuclei; 6 on fission, fragments, and
secondary neutrons; ahd 4 papers on
gamma-radiation in neutron capture. The
abundance of new data on neutron phys-

ics is of great interest, as is the material .

on the shielding of nuclear reactors and
that on theoretical physics“Included
among the authors are such important re-
searchers as G. 1. Marchuk, 4.D. Galanin,
A. V. Stepanov, V. V. Orlov, V. 1. Popov
and N. S. Lebedeva.

Contents include: | -

4
. Measurement of the Energy Dependence of the
* Cross Section of the CI (n,y) Reaction ¢ Gamma-
Radiation in Inefastic Interaction between Fast
. Neutrons and Atomic Nuclei ® Spectra of y-rays
which Accompany the Capture of Thermal Neu-
trons by Mo, Nb, Ho, Tu, and La Nuclei * Inelastic
Scattering of Neutrons with Energies from 3.2 to
-4.5 Mev on Beryllium e Spatial Distributions of
Neutrons in Mixtures of Boron Carbide with lron’
and Lead e Fragment Yields in the Fission of U235
and U238 by Fast Neutrons e Yields of Certain
Fragments in Th232 Fission by 14.3:Mev Neutrons
¢ Effect of the Resonance Structure of Cross Sec-
tions on Neutron Diffusion o Multigroup Method

of Calculating the- Energy-Space Distribution of - -

Thermal-Neutron Flux, and the Application of the
Perturbation Method e Neutron Scattering by Crys-
tals in the Incoherent Approximation ® Theory of
Thermal Neutron Diffusion with Velocity Distribu-
tion Taken into Account

278 pages ' _ $40.00 -

. : % CONSULTANTS BUREAU .
I

' PHOTONEUTRON METHOD OF

DETERMINING BERYLLIUM .
by Kh. B. Mezhiborskaya .

“of value to all analysts L;sing 'th.e phéto-
neutron method’’-Cutrent Engineering Practice '

‘_‘extremely useful...well presented’

+
The radloactmatlon or photoneutron
method for the determmatlon of beryl-
lium in'mineral raw materlals and hydro-
metallurgmal products has begn widely
used in the Soviet Union. One of the fore-
most Soviet scientists in this field, Kh: B.
Mezhiborskaya, presents the results of
moré than:cight years of research.

. A highly effi¢ient technique for determin-
mg beryllium, the photoneutron method
is usually employed by analysts having
» little knowledge of nuclear physics meth-
ods. This report presents a detailed

discussion of the fundamentals of the -

method, apparatus for determining and
prospecting for beryllium, recording
- mcthods, analysis procedures, effects of
interference; standards, ete. .

In addition,” PHOTONEUTRON METHOD OF
DETERMINING BERYLLIUM deals with the
safety problems which occur ‘during the

practical use of this nuclear analysis'
_ method. Complete instructions on safety

precaations are given, including shield-

ing materials, dosimetric checking, space

and equipment requiremernts.

. This technical report will be of value to
" all analysts using the. photoneutron
method, as well as to those medical re-
searchers concerned with radiation haz-

. al,)'ds and their prevention.

. AConsultants Bureau Spec’iai Report 1s.oﬁn words $12.50

. v

. ’
227 W. 17 ST, NEW YORK 11, N. V. o !

A
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 TRANSURANIUM EI.EMENTS

’ : ‘byA D. Gel'man A:l. Moskvm L. M. Zaitsevand M. P. Mefod eva
' Institute of Physical Chemistry, Academy of Sciences, USSR .~

SN Complex compounds ‘play, an extremely 1mportant part in the 1dent1ﬁcat10n’ -

~and isolation'of transuranium elements. The valence states and chemical

. properties of many of the elements synthe51zed have been studied extensively
with their help, even before these elements were obtamed in weighable amounts.
These compounds are of particular interest because they extend the possibili-
ties of investigating unstable derivatives of trahsuranium elements, making it
possible to determine the posmon of the latter in the perlodlc system more
accurately

s Although complex compounds of transuramum elements are bemg studled
thoroughly in many ‘countries and extensive experimental data has been col-
lected, this volume is the first.to deal with all aspects of material thus far
obtained. This book will be of interest not only to.radiochemists and special-
ists in complex compounds, but also to a wide &roup-of chemists concerned
with this important field of investigation which is extending the boundaries
of -the’ perlodlc system and prov1d1ng new apphcatlons of the coordination *

.- theory. ' :
, CONTENTS include:

Complex formation by neptunium in aqueous .

. 220 pages

N

solutions - Complex formation-by Np(ll) -

Complex ‘formation by Np(V) - Coniplex for-
mation by “Np(V) Complex formation by
Np(V1) « Complex compounds of neptunium
isolated in a solid state « Complex formation
by plutonium in aqueous solutions - Types of
complex compound in aqueous. solutions -
Hydrolysis of hydrated plutonium.ions in vari-
ous. oxidation states - Acido complex forma-

_ tion by plutonium in various oxidation states

+ Some physucochemlcal properties of pluto-
nium compounds in'agueous solutions ¢ Oxi-
dation—reduction propert;es and complex
formation of plutonium ions + Synthesis and
properties of some complex compounds | of

N

Translated from Russian )

-
T

tri-, tetra-, and hexavalent plutonium - Acido
complexes of trivalent plutonium « Acido com-
plexes of tétravalent plutonium « Acido com-
plexes of hexavalent plutonium + Some “spar-
ingly sotuible plutonium compounds + Complex
formation by transplutonium elements in solu-
tion « Complex formation by americium -*Com-
plex formation by curium + Complex formation
of berkelium - Complex formation by califor-
nium + Complex formation by einsteinium,

fermium, and mendelevium - Application of .

complex compounds in the isolation and sep-

. aration of transuranium elements - -lsolation

of plutonium and ,neptunium from irradiated
uranium - Isolation and |dent|f|cat|on of trans-
plutonium- elements « ',
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